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SUMMARY

Previous studies suggest the existence of crossmodal correspondences between pitch
elevation and visuospatial dimensions (e.g. spatial elevation or visual size) (e.g.,
Gallace & Spence, 2006; Rusconi et al., 2006). Neuroimaging research has revealed
the activation of parietal areas of the brain (e.g., the intraparietal sulcus, IPS),
traditionally associated to spatial functions, during the performance of pitch-based
musical tasks (see Foster & Zatorre, 2010a, 2010b). This dissertation aimed to
investigate the cognitive, developmental and the possible neural mechanisms

underlying these crossmodal correspondences.

In the first part of the dissertation, we explored the role of crossmodal
correspondences in the modulation of visuospatial attention. We explored how a
specific dynamic sound (e.g., an ascending sound) facilitates exogenously the spatial
processing of a visual stimulus in adults. For this purpose, we used a modification of
the Posner paradigm where ascending and descending frequency sweeps were used

as spatial cues instead of the traditional visually-presented cues.

In a second part of the dissertation, we explored the development of the possible
mechanisms involved in the crossmodal correspondence processing. More
specifically, we investigated whether these mechanisms are present from very early
on, or they appear as the experience with the environment increases. To do so, we
explored the association between pitch-elevation and visual size in 4- and 6-month-

old infants.

Finally, in an attempt to tentatively establish the functional role of certain areas of
the right parietal lobe in the association between pitch and spatial elevation, we
analysed whether a neurological syndrome associated to structural and functional
anomalies of the right parietal lobe (the Nonverbal Learning Disorder, NLD) could
affect the performance of pitch-based tasks. To achieve this goal, we compared the
performance in pitch-based and spatial tasks in patients with NLD and in a control

group with no psychiatric or neurologic disorders.



The results of this three studies that constitute this dissertation suggested: (1) that
ascending frequency sweeps exert a stronger modulation of the perceptual system's
reaction to upcoming visual targets than descending frequency sweeps; (2) the
existence of crossmodal associations between pitch and size in 6-month-old but not
in younger infants, suggesting that experience and/or further maturation is needed
to fully develop this association; and (3) that functional or structural disruption in
parietal areas has a negative impact on auditory processing tasks such as

discriminating pitch-elevation differences.

In conclusion, I demonstrated that auditory pitch modulates spatial attention.
Secondly, crossmodal correspondences are controlled by basic mechanisms that are
present from very early on. Finally, I showed evidence that the perception of complex
auditory information may recruit areas of the brain that are compromised in

neurologic syndromes that affect the processing space.



RESUMEN

Estudios previos sugieren la existencia de correspondencias transmodales entre la
altura tonal y las dimensiones visuoespaciales (por ejemplo, la elevacion espacial o
el tamafio visual) (Gallace y Spence, 2006; Rusconi y cols., 2006). La investigacion
en neuroimagen ha puesto de manifiesto la activacion de areas parietales (por
ejemplo, el surco intraparietal, IPS) tradicionalmente asociadas a funciones
espaciales, durante la realizacidn de tareas musicales relacionadas con la altura tonal
(Foster y Zatorre, 2010a, 2010b). El objetivo de esta tesis doctoral fue investigar los
mecanismos cognitivos, de desarrollo y mneurales que subyacen a estas

correspondencias transmodales.

En la primera parte de la tesis, se estudido el papel de las correspondencias
transmodales en la modulacion de la atencién. Exploramos cémo un sonido
dindamico especifico (por ejemplo, un sonido ascendente) modula exdégenamente la
localizacion espacial de un estimulo visual en un adulto. Los participantes realizaron
una tarea que consistio en una modificacion del paradigma clasico de Posner, en la

que usamos sonidos ascendentes y descendentes como sefiales auditivas.

En una segunda parte de la tesis se analizo el desarrollo de los mecanismos
implicados en el procesamiento de las correspondencias transmodales. Mas
especificamente, se investigd si estas estan presentes desde muy temprano en el
desarrollo, o aparecen debido a al incremento de la experiencia en el entorno. Para
ello, se observo la asociacidn entre la altura tonal y el tamafio visual en bebés de 4 y

6 meses de edad en un paradigma audiovisual de preferencia visual.

Por ultimo, en un intento por establecer el papel funcional de ciertas areas del 16bulo
parietal derecho en la asociacion entre la altura tonal y la elevacién espacial,
analizamos si los sindromes neurologicos, asociados con una alteracion funcional o
estructural del 16bulo parietal derecho (por ejemplo, el trastorno de aprendizaje no
verbal, TANYV), pueden afectar al desempefio de tareas relacionadas con la altura

tonal. Para lograr nuestros objetivos, se compard el rendimiento en tareas

Xi



visuoespaciales y auditivas de pacientes con pacientes con TANV y un grupo de

control sin trastornos neuroldgicos o psiquiatricos.

Los resultados de estos tres estudios que constituyen esta tesis sugieren: (1) que los
sonidos ascendentes pueden ejercer mayor modulacién del tiempo de reaccidén del
sistema perceptivo respecto a los objetos visuales que los sonidos descendentes, (2) la
existencia de asociaciones transmodales entre la altura tonal y el tamafio visual en
bebés de 6 meses de edad, pero no en bebés mas pequeiios, lo que sugiere que la
experiencia y/o maduracién es necesaria para desarrollar plenamente esta
asociacion, y (3) que la alteracion funcional o estructural de areas parietales tiene un
impacto negativo en las tareas de procesamiento auditivo, por ejemplo, discriminar

alturas tonales.

En conclusidn, se confirmé que la altura tonal puede modular la atencion espacial.
En segundo lugar, las correspondencias transmodales estan controladas por
mecanismos basicos que estan presentes desde temprana edad. Por ultimo, también
se encontrd evidencia de que la percepcidn de la informacion auditiva compleja
podria requerir areas del cerebro relacionadas con trastornos neurologicos que

afectan el procesamiento del espacio.

Xii
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“All natural arrangements,
however capricious they may seem, have a function.”

Santiago Ramon y Cajal

PREFACE

We live in a world where our brain is constantly stimulated by a huge amount of
stimuli. Our brain receives and interprets efficiently all this information in a way that

any artificial intelligence (at least so far) could process.

Our sensory systems cannot be understood as isolated units. Most of the tasks
performed by our brain are based on the integration of signals from different
modalities. Thus, the existence of crossmodal associations (so-called crossmodal
correspondences) between sensory features (e.g., size or pitch) from different
modalities should not surprise us, as they may help us to both to simplify and

facilitate information processing.

The main goal of the present dissertation is to investigate how crossmodal
correspondences can influence certain cognitive processes in adults, and how factors
such as experience and cognitive and/or neuronal development can modulate these
crossmodal effects. Furthermore, in order to better understand the neural bases of
these associations between sensory modalities, this research also focused on how the
disruption in a sensory modality can affect the correct functioning in another different

sensory modality.

This doctoral dissertation is divided into nine sections. In section 1, my aim is to
provide a theoretical background of the current state of the research related to
crossmodal correspondences and the possible spatial recoding of acoustic pitch. In
Section 2, I describe the main objectives of the research included in this doctoral
dissertation. In Section 3, I present the first experimental study of this doctoral
dissertation. In this experimental work, I aimed at investigating if high-pitched
sounds are associated to a higher location in the space, modulating the visual spatial
attention. I also analyzed the possible influence of arousal in this effect. In Section 4,

I introduce the second experimental study, where I investigated the crossmodal



association between pitch-elevation and visual size from a very early stage of
development. In Section 5, I report the third experimental study focused on the
impairments in auditory frequency discrimination due to a cognitive disorder (the so
called nonverbal learning disability) that mainly affects visuospatial skills. In Section
6, I discuss the results obtained in the three studies included in the present doctoral
dissertation. In Sections 7 and 8, I provide final the conclusions that can be drawn
based on my experimental work and suggest some future directions, respectively.

And finally, in Section 9, I present the general references of this doctoral dissertation.



1. Introduccion General

1.1 Introduccion a las correspondencias transmodales

La integracién multisensorial se describe como un proceso que permite a nuestro
cerebro y al de otros animales integrar la informacion que llega a las diferentes

modalidades sensoriales (por ejemplo, tacto, vista, gusto, etc.).

La interaccion entre diferentes modalidades sensoriales posibilita a nuestro sistema
cognitivo crear un percepto unificado y coherente de toda la informacion percibida.
En realidad, es dificil imaginar un evento donde podamos experimentar un estimulo
aislado en una sola modalidad sensorial sin que otro o mas sistemas sensoriales

procesen un determinado grado de informacion del estimulo (Bayne y Spence, 2015).

Normalmente la integracion proviene de diferentes sefiales sensoriales que
pertenecen a un mismo objeto externo, por ejemplo, el movimiento de la boca
(estimulo visual) y el sonido del habla (estimulo auditivo). Diversos estudios han
demostrado que la percepcion de senales redundantes de un mismo objeto o evento
mejoran su procesamiento (Ernst y Bilthoff, 2004; Trommershduser, Landy, y
Kording, 2011).

Sin embargo, en otras ocasiones, ambas sefales sensoriales pueden pertenecer a
diferentes objetos externos y, aun asi, nuestro sistema perceptivo puede procesar esta
informacién multisensorial como un unico evento. Por ejemplo, en la ilusion de
ventriloquia, un ventrilocuo puede hablar sin mover visiblemente los labios mientras
manipula una marioneta en sincronia con su discurso. Asi, el ventrilocuo crea la
ilusioén de que las palabras provienen de la boca de la marioneta, es decir, se produce
un sesgo perceptivo en el cual el sonido es percibido desde una direccidn distinta a
su fuente verdadera debido a la influencia e integraciéon con la informacién visual

(Bertelson y de Gelder, 2004).

Durante la mayor parte del siglo XX, gran parte de la investigacion experimental se
caracterizd por tener un enfoque unimodal que monopolizé el estudio de la

percepcion. La percepcion sensorial ha sido tradicionalmente estudiada como



diferentes modalidades sensoriales aisladas que operan con mecanismos
encapsulados y separados entre si. Sin embargo, a partir de la década de la década de
los 70 hubo un aumento de estudios experimentales con un enfoque multimodal
(Calvert, Spence, y Stein, 2004). Segtn esta perspectiva multimodal, la percepcion es
el resultado de un proceso de interaccidn e integracidén entre distintas modalidades

sensoriales.

La integracién multisensorial de la informacién ha sido extensamente estudiada
desde una perspectiva neural y/o neuronal (Stein y Stanford, 2008). La combinacion
de informacién de dos modalidades distintas (por ejemplo, vision y audicién) puede
evocar una respuesta mayor que la presentacion aislada de dicha informacion en cada

modalidad por separado, es decir, una respuesta superaditiva'.

Meredith y Stein (1983) observaron mayor actividad neuronal en el coliculo superior
(estructura cerebral situada en el mesencéfalo, ver Figura 1) ante la exposicidén
simultdnea a estimulos visuales, auditivos y/o somatosensoriales en gatos (para
estudios con humanos, véase Calvert, Hansen, Iversen, y Brammer, 2001). Estos
estudios postularon que el maximo nivel de integracion multisensorial es mas
probable que ocurra de acuerdo con tres reglas o leyes (Stein y Meredith, 1993): la
regla temporal, la regla espacial, y la ley de la eficacia inversa. En la regla temporal
los estimulos unimodales tienen que ser presentados aproximadamente al mismo
tiempo (King y Palmer, 1985; Meredith, Nemitz, y Stein, 1987). La regla espacial
hace referencia a estimulos unimodales provenientes de aproximadamente la misma
ubicacion (King y Palmer, 1985; Meredith y Stein, 1986, 1996). La ley de la eficacia
inversa se define por una mayor eficacia de integracién multisensorial cuando las
respuestas unimodales son relativamente débiles (Meredith y Stein, 1983). Ademas,
como se vera a continuacion, la integracién multisensorial puede verse influenciada

por otros fendmenos como las correspondencias transmodales.

! La respuesta multisensorial superaditiva es superior a la respuesta aditiva, es decir, a la suma de la
combinacién de las respuestas a los estimulos unisensoriales
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Figura 1. Imagen del tronco cerebral y el talamo desde la parte posterior. En verde el coliculo
superior donde las neuronas multisensoriales se encuentran significativamente en mayor proporcion
respecto a otras areas del cerebro. (Adaptado con permiso de la imagen original: Life Science
Databases (LSDB), CC BY-SA 2.1,

https://commons.wikimedia.org/wiki/File:Brainstem_and_thalamus_ja_ja_135.png)

Correspondencia transmodal (también conocida como asociacion transmodal) es el
término utilizado para describir la tendencia a asociar dos atributos perceptivos
distintos, como la altura tonal con la elevacion espacial (Spence, 2011). Por ejemplo,
al escuchar una melodia musical no solo estamos percibiendo un conjunto de
estimulos procesados a nivel auditivo (una tunica modalidad sensorial), sino que
probablemente, también a nivel visuoespacial. Es decir, nuestro sistema cognitivo es
capaz de situar sonidos en el espacio (arriba o abajo) o dotarlos de cualidades

espaciales (redondeados o puntiagudos) (Salgado-Montejo y cols., 2016).

Probablemente la asociacién entre audicion y vision ha sido la mas investigada
(Deroy y Spence, 2013; Deroy, Fernandez-Prieto, Navarra y Spence, en prensa;
Spence, 2011). Aun asi, también existen estudios sobre otras asociaciones como por
ejemplo la vinculacién entre la audicion y otras modalidades sensoriales. Por
ejemplo, Belkin, Martin, Kemp, y Gilbert (1997) observaron asociaciones entre la
altura tonal y el olfato. Los participantes tendian a catalogar tonos especificos con

olores especificos. La asociacion entre la altura tonal y el sabor también fue mostrada



en un estudio posterior de Crisinel y Spence (2009). En este caso los participantes
asociaron el sabor acido y el sabor amargo con tonos agudos y tonos graves,
respectivamente. En cuanto a posibles asociaciones entre la visioén y el tacto, Martino
y Marks (2000) mostraron que una alta luminosidad se asocia a una alta frecuencia

vibrotéctil y una baja luminosidad se asocia con una baja frecuencia vibrotactil.

Observadas en conjunto, parece que las asociaciones transmodales podrian surgir
entre todas las combinaciones de modalidades sensoriales. Sin embargo, debido a
que, la presente disertacion estudia las asociaciones transmodales audiovisuales, a

partir de ahora nos centraremos unicamente en el vinculo auditivo y visuoespacial.

Uno de los ejemplos mas conocidos de asociacion transmodal audiovisual es el
llamado efecto Bouba / Kiki (Ramachandran y Hubbard, 2001), en el cual el sonido
de una palabra es asociado a una figura en concreto. En una réplica del estudio
original de Kohler (1929), Ramachandran y Hubbard (2001) encontraron una
asociacion transmodal audiovisual entre el sonido de unas palabras y unas figuras
geométricas. En el estudio se pidi6 a los participantes nombrar dos figuras con la
etiqueta léxica “bouba” o la etiqueta léxica “kiki”. E1 98% de los participantes asocid
el sonido de la palabra "kiki" con la figura puntiaguda y el sonido del término "bouba"

con la figura redondeada (ver Figura 2).

Figura 2. Los participantes asociaron el sonido "kiki" con la figura puntiaguda de la izquierda y el

sonido "bouba" con la figura redondeada de la derecha (Ramachandran y Hubbard, 2001, 2003).



El efecto Bouba/Kiki también ha sido investigado en bebés prelingiiisticos®. Sin
embargo, la asociacion entre el sonido de los términos 1éxicos y las figuras visuales
no parece ser tan robusta en los primeros afios de vida. Ozturk., Krehm y
Vouloumanos (2012) reportaron efectos de asociacion simbolica en bebés de 4 meses
de edad. Los bebés miraron mas tiempo a las figuras que se presentaban
acompafiadas del sonido de una palabra congruente (por ejemplo, figura puntiaguda
presentada con el sonido de la palaba /kiki/). Sin embargo, Fort, Weif3, Martin, y
Peperkamp (2013) no encontraron efectos de esta asociacion simbolica en bebés de 5
y 6 meses de edad. Estos investigadores utilizaron un disefio mas complejo y
emplearon al menos 6 pares de palabras (por ejemplo, /lumu/ y /lomo/ o /kiti/ y
/tiki/). Fort y colaboradores (2013) argumentaron que dichos resultados
contradictorios se deberian a la necesidad de disefios mas sencillos para detectar el
efecto Bouba-Kiki, probablemente debido a una posible falta de solidez de este
fenbmeno en bebés prelingiiisticos. En contraste, Maurer, Pathman y Mondloch
(2006) mostraron que los nifios de 2,5 afios ya muestran un efecto Bouba/Kiki similar
a los adultos. Estos ultimos resultados sugieren la importancia del desarrollo del

lenguaje para la emergencia de este fendmeno.

El efecto Bouba/Kiki nos lleva a plantearnos si estas asignaciones audiovisuales
podrian no ser tan arbitrarias como podriamos suponer en un principio, y estos
patrones se habrian desarrollado debido a la influencia de las correspondencias
transmodales entre el sonido de las etiquetas léxicas y la forma visual.
Ramachandran y Hubbard, (2001), argumentaron que este fendmeno podria emerger
debido a la asociacion entre la percepcidén visual de la figura (redondeada o
puntiaguda) y la forma que presentan los labios al producir los fonemas de las
palabras (por ejemplo, una apertura de la boca mas redondeada para el término
/bouba/ y una apertura de la boca menos redondeada para el término /kiki/).
Debido a ello, no se puede asumir que la asignacion de etiquetas léxicas a objetos es

arbitraria en las diferentes lenguas, como evidencia, también existen las

2 La fase de prelingiiistica en los bebés es el periodo comprendido entre los 0y los 13 meses, esta etapa
es anterior a la pronunciacién de sus primeras palabras. En la etapa prelingliistica, la mayoria de los
sonidos que produce el bebé no son mas que practica de la manipulacidn y la secuenciacién del sonido
(Owens, 2008).



onomatopeyas déonde el sonido esta directamente relacionado con el objeto (por

ejemplo, la onomatopeya "boom" como la analogia de un sonido de explosion).

Las asociaciones entre ciertas dimensiones auditivas y visuoespaciales no parecen
crearse de forma arbitraria. L.a notacién musical (representacién de sonidos en un
pentagrama) es un buen ejemplo de como la mayoria de culturas comparten los

mismos patrones de correspondencias transmodales.

1.1.1 Asociaciones naturales a través de las modalidades sensoriales

Determinadas asociaciones transmodales parecen emerger de forma sistematica y
universal. El origen probablemente universal de la asociacion entre la altura tonal y
la elevacion espacial ha sido evidenciado por hallazgos arqueoldgicos que datan de
la época de los antiguos griegos. El epitafio de Seikilos, que es la composicion
musical completa mas antigua descubierta hasta el momento, mostraba los ascensos
en la frecuencia del sonido en posiciones espaciales superiores. La columna de la
Seikilos fue hallada en Aydin (Turquia) y data aproximadamente del afio 100 d.C.
Esta representacion visual de la musica se puede ver tanto en la cultura occidental
como en la oriental, por lo tanto. Es altamente probable, por tanto, que el sistema de
notacion musical se base en representaciones y asociaciones universales. Estos
descubrimientos sugeririan que las correspondencias transmodales entre el la altura
tonal y la ubicacion espacial tendrian una prevalencia comun en la poblacion, en

consecuencia, no emergerian debido a factores culturales.

Estos patrones musicales podrian reflejar las asociaciones transmodales entre la
localizacion espacial en el eje vertical y los tonos musicales. Los patrones musicales
tienen una cierta equivalencia con la fisica acustica de nuestro entorno natural: los
sonidos que se propagan cerca del suelo tienden a que su espectro de alta frecuencia
sea absorbido por diversos objetos (en el medio existe mayor cantidad de objetos a
ras del suelo), filtrandose, a ras de suelo, las frecuencias bajas en mayor medida que
las frecuencias altas. A causa de este fendmeno, los animales que se mueven a ras de

suelo tendrdn la tendencia a percibir frecuencias bajas desde localizaciones inferiores,



en el espacio y frecuencias altas desde localizaciones superiores en el espacio. En un
estudio reciente, Parise, Knorre y Ernst (2014) encontraron, midiendo directamente
los estimulos auditivos distales y proximales®, que las frecuencias altas y bajas tienden
a provenir de fuentes localizadas arriba y abajo en el espacio, respectivamente. Como
resultado, la exposicion repetida a estas correlaciones estadisticas en el entorno
natural podria predisponer a nuestros sistemas sensoriales para la adquisicion de

mecanismos de asociacion transmodal.

Evidenciando el posible origen de los patrones de asociacion audiovisuales, ya hace
mas de un siglo el filosofo Carl Stumpf (1883) observd que existia un patrén
asociativo en la mayoria de lenguas, las cuales compartian términos como "alto" y
"bajo" para definir tanto la altura tonal como la elevacion espacial. Recientemente,
Parkinson, Kohler, Sievers, y Wheatley (2012) llevaron a cabo un estudio con el fin
de investigar la universalidad de la asociacion altura-tonal/elevacion-espacial. Para
ello, seleccionaron un grupo de participantes de una tribu aislada en Camboya, cuyo
1dioma no utiliza etiquetas lingiiisticas espaciales como "alto" o "bajo" para clasificar
la altura tonal. Los participantes mostraron tener correspondencias transmodales
entre la elevacién espacial y la altura tonal como los hablantes de lenguas con
términos compartidos para elevacion espacial y altura tonal, indicando que el
lenguaje no es indispensable para esta asociacion. Asi pues, aunque la mayoria de las
lenguas, como ya afirmé Stumpf (1883), compartan etiquetas lingiiisticas para
describir la altura tonal y la elevacidn espacial, éstas no parecen ser necesarias para

la creacion de determinadas correspondencias transmodales.

En la misma linea, y tal vez con mayor frecuencia y robustez, nos encontramos con
la asociacion entre el sonido y tamafio. Los objetos mas grandes tienden a producir
sonidos con frecuencias mas bajas (por ejemplo, una tuba o un elefante), mientras
que los objetos mas pequeiios tienden a producir sonidos de frecuencias mas altas

(por ejemplo, un flautin o un colibri). La explicacion, desde punto de vista de la fisica,

3 El término estimulo distal hace referencia al objeto o evento que proporciona la informacién sobre el
estimulo proximal. El estimulo proximal viene dado por el procesamiento de la informacidon del estimulo
distal a través de los receptores sensoriales. Por ejemplo, cuando escuchamos musica el estimulo distal
seria las diferentes frecuencias auditivas producidas por el reproductor musical, en cambio, el estimulo
proximal seria el procesamiento del sonido por parte nuestro sistema auditivo.



seria que las frecuencias mas bajas son las que tienen mayor longitud de onda, y para
producir ondas mas largas es necesaria una superficie vibratoria (o resonador) de
mayor tamafio. En consecuencia, las asociaciones entre la altura tonal y el tamano
se observan con regularidad en el ambiente fisico pudiendo producir un patrén
estadistico de asociacion transmodal a nivel perceptivo entre la altura tonal y el

tamafio (Gallace y Spence, 2006; Walker y Smith, 1985).

1.1.2 Correspondencias transmodales y/o sinestesia

Algunos investigadores han postulado que las correspondencias transmodales serian

equivalentes a una sinestesia universal (Marino y Marks, 2001).

La sinestesia, o "la unién de sensaciones o sentidos", se caracteriza por la percepcion
de un estimulo en una modalidad sensorial que evoca una experiencia perceptiva
anadida en la misma o diferente modalidad sensorial (Cohen Kadosh, Cohen
Kadosh, y Henik, 2007; Melara y O'Brien, 1987). La forma mas comun de sinestesia
es la llamada sinestesia grafema-color (ver Figura 3). Esta forma de sinestesia se
caracteriza por la percepcion del color asociado con letras o numeros especificos
(Baron-Cohen, Harrison, Goldstein, y Wyke, 1993). Existen muchas otras formas de
sinestesia, aunque no han sido tan estudiadas y su incidencia es menor entre
poblacion sinestésica, por ejemplo, la chromestesia (asociacion de sonidos con
colores) (Rizzo y Eslinger, 1989) o la sinestesia auditiva-tactil (sonidos que pueden

inducir sensaciones en el cuerpo) (Naumer y van den Bosch, 2009), entre otras.

o SINESTESIA
» SINESTESIA

Figura 3. (a) Ejemplo de una palabra escrita en negro percibido por una persona no sinestésica (b)
Aproximacion de cdmo una persona sinestésica podria percibir las letras de una palabra escrita en

negro.
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La principal diferencia entre la sinestesia y las correspondencias transmodales es que
la primera es una condicion neuroldgica poco comun que varia de persona a persona,
mientras que las asociaciones transmodales tienden a seguir patrones universales. La
incidencia de la sinestesia es baja, aproximadamente en 1 cada 2000 mujeres y 1 de
cada 12000 hombres (Baron-Cohen, Burt, Laittan-Smith, Harrison, y Bolton, 1996).
La diferencia en la incidencia entre sexos podria apoyar la hipotesis de que la

sinestesia es innata y no aprendida.

Baron-Cohen y colaboradores (1996) demostraron que la sinestesia es un fendmeno
que no se deriva de la experiencia con el medio o de la memorizacién de
asociaciones. Pidieron a participantes sinestésicos y a un grupo control describir el
color experimentado al escuchar una serie compuesta de palabras y letras. El grupo
de control fue informado de que iban a ser reevaluados una semana mas tarde. Las
respuestas del grupo control fueron consistentes en un 37,6%. Los participantes
sinestésicos, a los que no se les informd de la repeticion de pruebas, fueron
consistentes en un 92,3% con sus respuestas un afio mas tarde. Estos resultados

confirmaron que las asociaciones sinestésicas son constantes en el tiempo.

En resumen, las correspondencias transmodales y la sinestesia difieren en
prevalencia, fenomenologia y mecanismos cognitivos. En consecuencia, podriamos
considerar la sinestesia y la asociacion transmodal como dos fendmenos distintos

(Martino y Marks, 2001).

1.2. Recodificacion espacial de la altura tonal y las caracteristicas

visuoespaciales

1.2.1. Asociaciones transmodales entre la altura tonal y la ubicacion espacial

La literatura sobre las correspondencias transmodales contiene numerosos ejemplos
de asociaciones entre distintas caracteristicas sensoriales. La mas investigada es la
relacion entre la altura tonal y las dimensiones visuoespaciales (por ejemplo, la

elevacidn espacial o el tamano).
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Las asociaciones transmodales entre la altura tonal y localizacion espacial han sido
ampliamente documentadas en las ultimas décadas. Un elevado numero de estudios
han demostrado que los sonidos agudos y graves tienden a estar asociados con
elevaciones espaciales mas altas y mas bajas, respectivamente (Mudd, 1963, Pratt,
1930; Occelli, Spence, y Zampini, 2009; Roffler y Butler, 1968; Rusconi, Kwan,
Giordano, Umilta, y Butterworth, 2006; Sonnadara, Gonzalez, Hansen, Elliott, y
Lyons, 2009).

Uno de los primeros experimentos realizados para analizar el vinculo asociativo
entre la elevacion espacial y la altura tonal fue llevado a cabo por Pratt (1930) hace
casi un siglo. En su estudio, los participantes tenian que localizar una serie de tonos
con distintas frecuencias que eran reproducidos por un altavoz oculto. Los
participantes debian localizar los tonos en diferentes lugares de una escala numerada.
Los resultados mostraron que los tonos mas agudos eran percibidos desde posiciones
superiores en el espacio y los tonos mas graves desde posiciones inferiores en el
espacio. En la misma direccion, décadas después, Mudd (1963) pidié a los
participantes representar sonidos mediante el uso de un sistema de clavijas en un
panel vertical. Los resultados mostraron que los participantes tendian a colocar las
clavijas en las posiciones superiores e inferiores cuando escuchaban una frecuencia

mas alta o mas baja, respectivamente.

Bernstein y Edelstein (1971) fueron quizas los primeros investigadores en estudiar la
transmodalidad audiovisual mediante la observacion de tiempos de reaccion. En la
tarea de deteccidén de un estimulo visual, los participantes eran mas rapidos cuando
el estimulo visual se presentaba en una posicion mas alta junto a un tono agudo
respecto a un tono grave. Los resultados sugieren que la congruencia entre la altura
tonal y la elevacion espacial podrian producir una discriminacién visuoespacial mas
rapida (Ben-Artzi y Marks, 1995; Evans y Treisman, 2010; Melara y O'Brien, 1987;
Patching y Quinlan, 2002).

12



Siguiendo esta misma linea, Miller (1991) utiliz6 una tarea Go/No-Go* para
demostrar los efectos de congruencia entre la altura tonal y la elevacion espacial. En
su estudio, un objeto visual aparecia por encima o por debajo de un punto de fijacion
central y/o se presentaba un tono agudo o grave. Estos estimulos podian ser
presentados de manera unimodal, es decir solo la condicion visual o la auditiva, o de
manera transmodal, es decir, el estimulo visual se presentaba simultdneamente con
el tono. En los ensayos Go, en las condiciones visuales los participantes tenian que
responder lo mas rdpido posible a la ubicacion del estimulo visual (arriba o abajo) y
en las condiciones auditivas debian discriminar el tono (agudo o grave). En los
ensayos No-Go, los participantes debian evitar responder cada vez que un estimulo
visual se presentaba en el punto de fijacion o cuando se presentaba un sonido con un
tono intermedio. Los resultados mostraron respuestas mas rapidas en los estimulos

bimodales congruentes respecto a los incongruentes.

La amplia mayoria de estudios sobre la asociacion transmodal entre la altura tonal y
la elevacion incluyen estimulos auditivos y visuales. En cambio, Occelli y
colaboradores (2009) llevaron a cabo un estudio utilizando dos estimulos auditivos
(agudo y grave) y dos estimulos vibrotactiles (mayor o menor nivel de vibracién) que
se presentaban conjuntamente. Los participantes debian responder, lo més rapido
posible, si el tono presentado correspondia a un tono agudo o a un tono grave. En
otros ensayos experimentales, la tarea consistia en decidir si una vibracion tactil se
presentaba en la parte superior o inferior de un cubo (ver Figura 4). Para responder,
en cada bloque (auditivo o tactil) los participantes debian apretar uno de los dos
pedales situados a la izquierda o la derecha. Las respuestas de los participantes fueron
mas rapidas en los bloques congruentes (por ejemplo, vibracidén en la zona superior
junto al sonido agudo) que en los incongruentes (por ejemplo, vibracion en la zona
superior junto al sonido grave). Estos datos sugieren que existe una asociacion entre
la altura tonal y la elevacidn espacial, en este caso percibida a través de la modalidad

tactil.

“ Las tareas Go/No-Go son utilizadas para medir la atencién selectiva y control de respuesta (inhibicidn) a
través del tiempo de reaccidn y nimero de errores. En estas tareas los participantes deben realizar una
accion en la condicidén Go (por ejemplo, presionar una tecla) e inhibir la misma accién en la condicidon No-
Go (por ejemplo, no presionar ninguna tecla).

13



Loudspeaker

- 70 dB auditory stimuli
-/

Foam cube

Vibrotactile
stimulators

Figura 4. Representacion de la configuracidon y disposicion de los estimulos del estudio (Occelli,

Spence, y Zampini, 2009).

La evidencia que sugiere la presencia de la correspondencia transmodal entre la
elevacion espacial y la altura tonal es bastante solida, puesto que ha sido observada
utilizando distintas metodologias. Rusconi y colaboradores (2006) sugirieron que los
efectos de compatibilidad estimulo-respuesta (Stimulus-response compatibility, SRC;
Proctor y Reeve, 1989) derivados de las correspondencias transmodales serian
similares al efecto SNARC (Spatio-Numerical Association of Responses Codes /
Asociacion espacio-numérica de codigos de respuestas), donde el juicio sobre la
magnitud de nameros pequefios es mas rapido usando las teclas de la izquierda y el
juicio de numeros mayores usando las teclas de la derecha (Dehaene, Bossini, y
Giraux, 1993). Segun este planteamiento, los tiempos de reaccidon mas rapidos en las
condiciones congruentes respecto las incongruentes podrian ser evidencia de la
existencia de una representacion mental espacial, es decir, las magnitudes se

corresponderian con una distribucion espacial de las opciones de respuesta.

En linea con los efectos SNARC y SMARC, Walsh (2003) formul6 una teoria de la
magnitud (A theory of magnitude, ATOM). Walsh hipotetizé que el sistema cognitivo
dispondria de un mecanismo comun para codificar diversas magnitudes
independientemente de la modalidad de entrada. Las magnitudes estarian
representadas en la corteza parietal inferior, es decir, el mapeo de cantidades se
produciria en coordenadas espaciales como sucede en las correspondencias

transmodales entre la altura tonal (magnitud) y la ubicacion espacial (coordenadas).
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En consecuencia, existiria una poblacion de neuronas en la corteza parietal dedicada
a un sistema de representacion general de magnitudes temporales, espaciales,

numéricas y volumétricas, entre otras.

En un estudio de Rusconi y colaboradores (2006), participantes sin experiencia
musical completaron una tarea de discriminacion en la que debian comparar la
frecuencia de un tono respecto a un tono de referencia pulsando una de las dos teclas
situadas en un eje vertical “simbolico” (por ejemplo, "arriba" o "abajo") o en el eje
horizontal (por ejemplo, "izquierda" o "derecha”) (véase Figura 5). Los resultados
mostraron que los tiempos de respuesta se veian afectados la ubicacidn espacial de
respuesta en el eje vertical, pero no en el eje horizontal. Los participantes fueron mas
rapidos y precisos respondiendo a los tonos agudos y graves cuando la respuesta se
correspondia con la localizacion de la tecla situada "arriba" y "abajo" del teclado,
respectivamente. Rusconi y colaboradores definieron este efecto como SMARC
(Spatial-Musical Association of Response Codes / Asociacion espacio-musical de cddigo
de respuestas) en analogia con el efecto SNARC. Por otra parte, encontraron efectos
de compatibilidad en el eje horizontal solo en musicos expertos, asi como efectos de

compatibilidad mas robustos en el eje vertical que en los participantes no musicos.

Estos datos sugieren que la experiencia musical podria fortalecer el mapeo de la
altura tonal en los ejes espaciales. Sin embargo, podria ser que la asociacion de la
altura tonal con el eje horizontal se debiese a la experiencia musical con el piano (por
ejemplo, los tonos agudos se encuentran en las teclas de la derecha del piano). Efectos
similares en el eje horizontal fueron observados por Lidji y cols. (2007) en una tarea
de discriminacion de instrumentos. Los musicos mostraron SRC en el eje horizontal.
Sin embargo, la formacién en piano en los musicos no correlaciond
significativamente con el efecto SRC en el eje horizontal. De acuerdo con estos
resultados, el mapeo horizontal de la altura tonal no puede sélo explicarse por la
experiencia motora debida a la asociacion con la disposicidon de las notas agudas y
graves en cada instrumento musical. Los resultados indican que la experiencia

musical interactua en el efecto SRC, en ambos ejes espaciales: vertical y horizontal.
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Compatible Condition Incompatible Condition Compatible Condition Incompatible Condition
REFERENCE TONE: C4

G4 G4 E3 E3

Figura 5. Efectos SRC entre la altura tonal y la posicién en el eje horizontal y vertical en las
condiciones congruentes e incongruentes. Los estimulos y respuestas correctas se muestran en blanco.

(Figura adaptada de Rusconi y cols., 2006).

1.2.2. Asociaciones transmodales entre el tamaiio y la altura tonal

A pesar de que no existen tantos estudios, también se han observado efectos similares
en la asociaciéon entre la altura tonal y el tamafio. Como hemos mencionado
anteriormente, las frecuencias mas bajas tienden a ser emitidas en el medio natural
por objetos de mayor tamano, y los sonidos de frecuencia mas alta por fuentes de

menor tamano (Parise, Knorre y Ernst, 2014).

Ya en el siglo pasado Sapir (1929) estudio la relacion entre el tamafio y el sonido,
demostrando que los sonidos del habla (por ejemplo, /a/ - fonema de frecuencia baja
-y /1/ -fonema de frecuencia alta-) estan asociados con el tamaino de los objetos (por
ejemplo, un circulo grande o un circulo pequefio). Los participantes fueron capaces
de asociar pseudopalabras como "bal" (sonido con frecuencia acustica mas baja) y
"bil" (sonido con frecuencia actstica mas alta) con objetos mas grandes y mas

pequefios, respectivamente.

Marks, Hammeal, Bornstein, y Smith (1987) usaron una tarea de clasificacién de
tamano de un estimulo visual y observaron que los participantes percibian la tarea
como mas compleja cuando el estimulo visual era presentado junto a un sonido
“incongruente” (por ejemplo, un estimulo visual mas grande presentado junto con

un sonido de frecuencia alta). Siguiendo con esta hipdtesis de correspondencia
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transmodal entre el tamafio y el sonido, Gallace y Spence (2006) llevaron a cabo una
serie de experimentos donde los participantes tenian que juzgar el tamafio de un
estimulo visual respecto a un estimulo visual de referencia previo. Cuando un tono
se presentaba de manera congruente junto al objeto visual (por ejemplo, mayor
estimulo visual, junto con un tono mas grave) los participantes mostraban tiempos
de reaccidén mas rapidos que cuando el tono presentado era incongruente respecto
con el tamano de la comparacion (Bien, ten Oever, Goebel, y Sack, 2012). En
conclusion, la frecuencia de un sonido puede influir en la velocidad de procesamiento
de un objeto visual, por ejemplo, en la discriminacién de su tamafio mediante la

asociacién transmodal entre dimensiones perceptivas.

1.2.3 Influencia del procesamiento transmodal en la atencién visuoespacial

De acuerdo con la creciente evidencia de correspondencias transmodales entre el
sonido y las cualidades visuales, jen qué medida determinadas frecuencias pueden

modular la atencién visuoespacial?

El paradigma clasico de atenciéon de Posner (Posner, 1980) fue disefiado
originalmente para estudiar la atencién viuoespacial. En la tarea de atencidon
exogena, dos recuadros se presentaban en la derecha e izquierda de la pantalla. Uno
de los dos recuadros podia parpadear brevemente (sefial de localizacién espacial).
Después de cierto tiempo, un asterisco (target visual) podia aparecer en el mismo
recuadro que habia parpadeado anteriormente (es decir, condicidén congruente) o en
el recuadro opuesto (es decir, condicién incongruente) (ver Figura 6). Los
participantes eran mas rapidos al detectar el asterisco en los ensayos congruentes que
en los ensayos incongruentes cuando éste se presentaba después de la senal de
localizacion. Por lo tanto, la deteccidn de un target visual es facilitada por una sefial
visuoespacial previa que orienta la atencidén espacial hacia un 4rea especifica del

campo visual.
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Figura 6. Secuencia de eventos de un ensayo con sefiales visuales exdgenas en el paradigma atencional
de Posner para la condicién congruente (imagen de la izquierda) y para la condiciéon incongruente
(imagen de la derecha). (Imagen adaptada con permiso de Local870, CC BY-SA 3.0,
https://en.wikipedia.org/w/index.php?curid=37904478)

Diversos estudios sugieren que la atencidon visuoespacial puede modularse
exogenamente mediante el uso de senales previas auditivas, es decir, la sefial previa
(auditiva) y el target (visuoespacial) de diferentes modalidades sensoriales no
presentados al mismo tiempo (Chiou y Rich, 2012; Mossbridge, Grabowecky, y
Suzuki, 2011; Spence, 2010). Si la altura tonal puede modular la atencidén
visuoespacial hacia localizaciones superiores e inferiores en el campo visual,
deberiamos observar una facilitaciéon en la deteccion visual de un objeto cuando la
sefial auditiva y el target visual posterior son congruentes (por ejemplo, una sefal
auditiva aguda y un objeto visual que aparece posteriormente en una zona de superior
del campo visual), demostrando asi, que los efectos transmodales ocurren en un nivel

previo a la seleccion de respuesta.

Chiou y Rich (2012) llevaron a cabo una serie de experimentos utilizando
modificaciones del paradigma cldsico de atencion de Posner, con el objetivo de
investigar la asociacion de los estimulos auditivos en localizaciones espaciales
especificas, y en consecuencia, observar como los estimulos auditivos producen un
efecto de senalizacién exogena transmodal que podria modular la deteccion de
estimulos visuales. Para ello, los participantes tenian que detectar un estimulo visual,
lo mas rapidamente posible, que se presentaba aleatoriamente por encima o por
debajo de un punto de fijacidon central. Antes de la presentacion del estimulo visual,
se presentaba una sefial auditiva irrelevante (por ejemplo, un tono grave o un tono

agudo). Los resultados mostraron respuestas mas rapidas cuando los participantes
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detectaban estimulos visuales en la zona superior e inferior del campo visual

precedidos por un tono agudo o grave, respectivamente (ver Figura 5).

Time

Target:
4 5 (experiments 1-3)
2 s (experiment 4)
or until response

Delay:
0—-640 ms (experiment 1)
100—-900 ms (experiments 2—3)
0-900 ms (experiment 4)

Cue:
200 ms (experiments 1-3)
50 ms (experiment 4)

Fixation:
500 ms

Figura 5. Secuencia de eventos de un ensayo en la condicién vertical. En la condicion horizontal, las
dos cajas estaban situadas a la izquierda ya la derecha de la cruz central de fijaciéon (Chiou y Rich,
2012).

Mossbridge, Grabowecky, y Suzuki (2011) observaron el mismo patrén de respuesta
que en el estudio anterior usando una tarea Go/No-Go donde los participantes
debian responder cuando el estimulo visual de referencia (un circulo) coincidia con
un estimulo posteriormente presentado. El circulo de referencia se presentaba en el
punto central de la pantalla conjuntamente con una de dos frecuencias ascendentes
o una de dos frecuencias descendentes. El target visual podia presentarse desde
cuatro posiciones cardinales (arriba, abajo, izquierda o derecha, Experimento 1,
véase Figura 6A) o desde una las cuatro posiciones diagonales respecto al punto de
fijacion (arriba-izquierda, arriba-derecha, abajo-izquierda, y abajo-derecha,
Experimento 2, ver Figura 6B). Los resultados mostraron que los cambios de
frecuencia graduales modularon la atencion espacial en eje vertical (arriba y abajo).
Sin embargo, no se observaron efectos facilitadores en la condicidén congruente para

el eje horizontal (derecha e izquierda) o para las posiciones diagonales.
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Figura 6. (A) Secuencia de eventos del procedimiento del Experimento 1 de Mossbridge y cols. (2011)
con los recuadros situados en los puntos cardinales. (B) Secuencia de eventos del Experimento 2 de
Mossbridge y cols. (2011) con los recuadros situados en localizaciones diagonales. (Mossbridge,
Grabowecky, y Suzuki, 2011).

Un tema que no ha sido abordado en la literatura hasta este momento, se refiere a si
las diferencias perceptivas entre los sonidos graves y agudos afectan a la asociacion
transmodal entre la altura tonal y la elevacidén espacial. Las frecuencias altas son
perceptivamente mas salientes. Una de las posibles explicaciones de este fendmeno
es que éstas son procesadas como mas intensas que las frecuencias mas bajas
(Fletcher y Munson, 1933). Kishon-Rabin, Roth, Dyk, Yinon, y Amir (2004)
mostraron que es mas facil detectar sonidos ascendentes que sonidos descendentes.
Diversas investigaciones, llevadas cabo por Deutsch (1976, 1978) mostraron que,
cuando se presentan simultdneamente una frecuencia alta en un oido y una
frecuencia mas baja en el otro, tendemos a percibir un sonido fusionado en el oido
donde se presenta el sonido mas agudo. Estos datos sugieren que las frecuencias mas
altas podrian tener una mayor influencia en la percepcion espacial (Deutsch y Roll,
1976; von Békésy, 1963)

A nivel neural, varios estudios utilizando la técnica de electroencefalografia (EEG),

han mostrado que los sonidos ascendentes provocan un mayor efecto de mismatch
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negativity (MNN)’ que los sonidos descendentes (Nditdnen, 1990; Naitdnen,
Gaillard, y Maéntysalo, 1978; Ruusuvirta y Astikainen, 2012), evidenciando una
mayor influencia de los sonidos agudos, que tienen mas saliencia que los sonidos

graves, en ciertos Procesos atencionales.

De acuerdo con estos estudios, los estimulos auditivos agudos o ascendentes poseen
mayores propiedades espaciales inherentes y generan una mayor respuesta
electrofisioldgica del cerebro. Una pregunta interesante se refiere a si estas
propiedades pueden influir en los efectos atencionales que los sonidos agudos (mas

que los graves) ejercen sobre la deteccion de estimulos visuales o no.

1.2.4 Asociaciones transmodales en la infancia y la nifiez

Como hemos podido ver en los apartados anteriores, existe clara evidencia que apoya
la 1idea de que los humanos adultos asocian multiples estimulos que llegan a través
de diferentes modalidades sensoriales (Spence, 2011). Estas asociaciones
transmodales se producen sistematicamente tal vez debido a la exposicion de los
patrones asociativos observados en el entorno. Sin embargo, ;se pueden observar

correspondencias transmodales en bebés?

De la misma manera que los adultos, los bebés parecen mostrar correspondencias
transmodales, especialmente entre las dimensiones auditiva y el visual (Mondloch y

Maurer, 2004; Maurer, Gibson, y Spector, 2012).

Walker y colaboradores (2010), mediante el uso de una tarea de preferencia visual
con bebés de 3 a 4 meses de edad, encontraron una tendencia a atender a estimulos
auditivos y visuales congruentes. Es decir, los bebés miraban mas tiempo a los

estimulos visuales que se movian hacia la parte superior de la pantalla (una bola)

5> Mismatch negativity (MNN) hace referencia a la respuesta eléctrica mostrada por la
electroencefalografia (EEG), que se produce cuando ante la presencia de un estimulo discrepante dentro
de una secuencia de estimulos repetitivos (por ejemplo, una secuencia de estimulos auditivos con
caracteristicas acusticas similares)

21



cuando se presentaban junto con un sonido con una frecuencia ascendente que
cuando se presentaba con un sonido con una frecuencia descendente. Dolscheid,
Hunnius, Casasanto y Majid (2014) siguieron el mismo procedimiento de Walker y
colaboradores (2010) (ver Figura 7) y encontraron resultados similares, es decir,
asociaciones transmodales entre frecuencias ascendentes o descendentes y la
elevacion espacial, asi como con la anchura de objetos visuales (por ejemplo, los
bebés miraban mas tiempo la figura que ensanchaba cuando iba acompafiada de un
sonido que gradualmente se hacia mas grave). Sin embargo, Lewkowicz y Minar
(2014) no consiguieron replicar estos efectos mediante la realizacion de cinco
experimentos con bebés de 4, 6 y 8 meses de edad empleando la misma metodologia
del estudio de Walker y colaboradores (2012). La ausencia de asociaciones
transmodales audiovisuales en bebés, reportada en el estudio de Lewkowicz y Minar
(2014), podria ser debida a una variacion de la intensidad de los estimulos auditivos,
que difiere al estudio de Walker y colaboradores (2012) y quizas afectaria a los efectos

de transmodalidad audiovisual.

“Congruent” trials: pitch/position
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Figura 7. Ejemplo de secuencia de eventos para los estudios de Dolscheid, Hunnius, Casasanto y
Majid (2014) y Walker y cols. (2010). (a) Condiciéon congruente con frecuencia ascendente (b)
Condicién congruente con frecuencia descendente (c¢) Condicién incongruente con frecuencia
descendente (d) Condicion incongruente con frecuencia ascendente (Figura adaptada de Parkinson,

Kohler, Sievers, y Wheatley, 2012).
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Las correspondencias transmodales también se han observado en nifios pequefios
(por ejemplo, 2,5 a 3 afios de edad). En un estudio llevado a cabo por Mondloch y
Maurer (2004), se pidi6 a los nifios pequenos indicar cudl de dos pelotas que
aparecian en la pantalla botando estaba produciendo un sonido grave o agudo, las
pelotas variaban gradualmente, incrementando o decreciendo en su tamafio. Los
resultados mostraron que los ninos pequefios tendian a asociar el tono mas alto y mas
bajo con un estimulo visual mas pequeno y mas grande, respectivamente.
Obviamente, los nifios de esta edad han estado ampliamente expuestos a las
regularidades estadisticas del entorno y, en consecuencia, sus mecanismos de
percepcidn y de asociacion conceptual y semdantica pueden haberse visto influidos
por la exposicidn a dichas asociaciones. Por ejemplo, existen diversas asociaciones
transmodales relevantes en el entorno del recién nacido, donde los objetos de menor
tamano tienden generalmente a producir sonidos mas agudos que los objetos de

mayor tamano.

En la actualidad, no tenemos pruebas de que los niflos nazcan con asociaciones
transmodales. Ademas, si tenemos en cuenta que los bebés de 4 meses de edad (por
tanto, prelingiiisticos) ya han estado expuestos a una gran cantidad de estimulacion
multisensorial en su entorno, no existe evidencia que apoye o refute la hipotesis de

que las correspondencias transmodales son innatas.

1.2.5 Bases neurales de la recodificacion espacial de la altura tonal

La corteza auditiva primaria se organiza tonotopicamente (vease Figura 9), es decir,
cada frecuencia auditiva parece procesarse en un determinada area, implicando que
las frecuencias mds bajas estan representadas en regiones laterales de la
circunvolucion de Heschl (también conocida como giro temporal transversal),
mientras que frecuencias mas altas estarian localizadas en regiones mediales de la
circunvalacion de Heschl (Humphries, Liebenthal, y Binder, 2010; Peretz y Zatorre,
2003) (ver Figura 8). Los dafios en la circunvolucion del Heschl pueden producir
dificultad para percibir los cambios de frecuencia acustica (Zatorre, 1988; Johnsrude,
Penhune, y Zatorre, 2000; Tramo, Shah, y Braida, 2002).
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Figura 8. Circunvalacion de Helsch ubicada en la corteza auditiva primaria.

El procesamiento de la altura tonal se atribuye generalmente al hemisferio derecho
(HD) (Zatorre, 1984). Los pacientes con dano en el HD muestran una percepciéon
acustica de la altura tonal mas pobre que los pacientes con dafio en el hemisferio
izquierdo (HI) (Peretz, 1990; Sidtis, 1985). Ademas, la investigacion en lesiones en
el HD ha puesto de manifiesto la pérdida de habilidades en tareas de discriminacién
melddica o tonal (Peretz y Zatorre 2005). De hecho, el neocortex temporal derecho
juega un papel esencial en el andlisis de la frecuencia de los sonidos (Milner, 1962;

Liégeois-Chauvel y cols., 1998; Zatorre, 1985).

Tonotopy in the auditory cortex
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Figura 9. Representacion tonotdpica de la corteza auditiva primaria (Elgoyhen, Langguth, De Ridder,

y Vanneste, 2015).

La posible representacion espacial de la altura tonal podria ser esencial en la
ejecucion y percepcion de la musica (por ejemplo, en la notacién musical) y para

comprender la entonacion y prosodia del habla. Estudios recientes, utilizando
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técnicas de neuroimagen, han observado la activaciéon en algunas zonas parietales
especificas durante la ejecucion de ciertas tareas musicales (Foster y Zatorre, 2010a,
2010b). En un estudio de Homae, Watanabe, Nakano, Asakawa, y Taga (2006),
realizado con bebés de 3 meses de edad, mostraron a través de la técnica de topografia
optica de infrarrojo cercano, una mayor activacion en las regiones temporoparietales
derechas al percibir un habla prosddica normal, es decir, variaciones en el tono y la
intensidad, en comparacién con las regiones tempoparietales izquierdas (ver Figura

10) (Arimitsu y cols., 2011).

(A) Normal > Flattened (B)

[oxy-Hb] (mM-mm) 2

o

Left Right

Figura 10. Resultados del estudio de Homae y cols. (A) Diferencias de activacion entre el hemisferio
izquierdo y derecho (B) Media de oxi-Hb. Las barras azules indican los cambios de sefial bajo las
condiciones de discurso con prosodia normal, y las barras rojas respecto a prosodia aplanada. Las

barras de error indican el error estandar (Figura adaptada de Homae, Watanabe, Nakano, Asakawa,

y Taga, 2006)

Las zonas parietales posteriores como el surco intraparietal inferior y superior (IPS)
parecen estar involucradas en el analisis de la frecuencia del sonido (Foster y Zatorre,
2010a; 2010b) (ver Figura 11). Curiosamente, el IPS es una region multimodal que
ha sido clasicamente relacionada el procesamiento espacial, por ejemplo, la
coordinacion perceptivo-motora, movimientos de agarre y manipulacién de objetos,
y operaciones aritméticas (Husain y Nachev, 2007; Kong y cols., 2005). Por tanto, el
IPS realiza transformaciones sistematicas sobre las representaciones sensoriales de

estimulos visuoespaciales y tactiles (Grefkes y Fink, 2005).
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Figura 11. Representacion de la superficie lateral del 16bulo parietal (Imagen reproducida con
permiso: Sebastian 023, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=20806983])

Foster y Zatorre (2010a; 2010b) llevaron a cabo un estudio mediante la técnica de
imagen por resonancia magnética funcional (IRMf) donde se revel6 una activacién
del IPS en una tarea de transformacion del patron melodico. Participantes musicos y
no musicos realizaron una serie de tareas auditivas: discriminacion de melodia
simple, discriminacion de una melodia transpuesta, discriminacién de ritmo
melddico y discriminacion fonémica (ver Figura 12). Todas las tareas siguieron el
mismo procedimiento, los participantes tenian que juzgar si los patrones de dos
secuencias de sonidos, musicales o fonémicos, eran iguales o diferentes respondiendo
con el boton izquierdo o derecho de un raton de ordenador (por ejemplo, si era la

misma o diferente melodia).

Los resultados del estudio de Foster y Zatorre (2010a) mostraron activacion
funcional del IPS en la discriminacion melodia transpuesta pero no en las otras tareas
auditivas. A diferencia de la tarea de discriminacion melddica simple, la tarea de
transposicidon musical requeria una transposicion de 4 semitonos musicales, entre la
primera y la segunda secuencia de sonidos, para detectar si existia variacion entre los
dos patrones. Los autores observaron un incremento significativo en la oxigenacién
cerebral de nivel-dependiente (Brain oxygenation level-dependent, BOLD) en el IPS

anterior bilateral en la tarea de discriminacion de melodia transpuesta, es decir, en
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una operacion de procesamiento de tono relativo (ver Figura 13). Las conclusiones
de los autores fueron que el IPS juega un papel relevante en el procesamiento de la
altura tonal (por ejemplo, la transposicion musical), ademas de en las
transformaciones visuoespaciales. Sin embargo, los autores no pudieron demostrar
la actividad del IPS en tareas de discriminacién de melodia simple. En consecuencia,
parece que para evocar la activacion del IPS en una tarea musical requiere de cierto

nivel de procesamiento de transformacion auditiva.
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Figura 12. Estimulos de las cuatro tareas auditivas: melodia simple, melodia transpuesta,
discriminacion de ritmo y discriminacion de fonemas. Flechas y lineas rojas indican alteracion

respecto al estimulo original (Foster y Zatorre, 2010a).

A raiz de la posible implicacion de areas posteriores del hemisferio derecho (por
ejemplo, el IPS) en las tareas de tono acustico, no es descabellado pensar que un
deterioro en habilidades visuoespaciales podria implicar una afectacién la percepciéon
de la frecuencia auditiva. Del mismo modo, una alteracion de ciertas habilidades
auditivas relacionadas con el procesamiento de la altura tonal podria indicarnos una
posible afectacion del procesamiento visuoespacial. Un ejemplo de esta doble
afectacion es la amusia, un sindrome neurolégico en el cual los pacientes presentan
déficits severos en el procesamiento de pequefios cambios tonales, asi como en la

memoria y el reconocimiento musical (Pearce, 2005).
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Figura 13. Seflal BOLD en la tarea de transposicion musical. El contraste de las tareas de

discriminacion de melodia simple y transpuesta revela una activacion del IPS mayor en el HD.

La amusia se caracteriza principalmente por la dificultad en discriminar la frecuencia
de los sonidos, hay una estimacion de que este sindrome afecta a alrededor del 4%
de la poblacion (Peretz y Hyde, 2003; Sloboda, Wise, y Peretz, 2005). Douglas y
Bilkey (2007) observaron que los pacientes con amusia tenian una ejecucion
significativamente peor en tareas de rotaciéon mental, en comparaciéon a un grupo
control (Tillmann y cols., 2010, para resultados contradictorios). Douglas y Bilkey
(2007) relacionaron estos resultados con el controvertido 'efecto Mozart'. El efecto
Mozart podria inducir una mejoria a corto plazo en el desempeno de tareas espaciales
(por ejemplo, rotacidon mental), debido a una breve exposicion a determinadas piezas

de musica clasica (Rauscher, Shaw y Ky, 1993; Schellenberg, 2005).
Las conclusiones de los ultimos estudios neuropsicologicos y de neuroimagen

apoyan la hipoétesis de que el procesamiento visuoespacial y el procesamiento de

discriminacion de frecuencias podrian compartir mecanismos neuronales.
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2. OBJETIVOS

Diversos estudios y paradigmas muestran la existencia de correspondencias

transmodales entre diversos atributos perceptivos (Spence, 2011).

Los tres objetivos de la presente disertaciéon doctoral se centran en investigar las
correspondencias transmodales entre varias dimensiones perceptivas especificas: la
altura tonal, la elevacion espacial y el tamafio. A continuacion, se describen los

objetivos especificos de la presente tesis:

Objetivo 1: Investigar si la deteccion de un estimulo visual en el espacio puede ser
exogenamente facilitada por un determinado estimulo auditivo (por ejemplo, sonidos
ascendentes) congruente presentado previamente. Para la consecucion de este
objetivo se realizo el Estudio 1 (Fernandez-Prieto y Navarra, aceptado), donde se
utilizé una modificacion del paradigma atencional de Posner en participantes adultos
sin experiencia musical (Posner, 1980). Los resultados del Estudio 1 demostraron
que los sonidos ascendentes, pero no los descendentes, pueden modular la atencién
espacial en el eje vertical, pero no en el horizontal. Estos datos sugeririan que las
frecuencias auditivas ascendentes pueden modular en mayor medida la atencion

visuoespacial en el eje vertical, en comparacion a frecuencias descendentes.

Objetivo 2: Existen evidencias contradictorias respecto si los bebés prelingiiisticos
muestran asociaciones transmodales similares a los adultos, por ejemplo, entre la
altura tonal y la localizacion espacial (Walker y cols., 2010; véase Lewkowicz y
Minar, 2014 para resultados nulos). El objetivo fue responder a la cuestion de si la
asociacion audiovisual esta presente en las primeras etapas de la vida y, por tanto,
las asociaciones transmodales se desarrollan previamente a la adquisicion de 1éxico
espacial o abstracto (Swingley, 2009) o si es necesario una mayor exposicion al medio
y/0 maduracion de los procesos cognitivos implicados. Para responder a esta
pregunta, se llevo a cabo el Estudio 2 (Fernandez-Prieto, Navarra y Pons, 2015),
donde se explord la asociacion entre la altura tonal y el tamafio de los estimulos
visuales en bebés. Se testearon bebés de 4 y 6 meses de edad usando un paradigma

de preferencia visual. Los resultados indicaron que los bebés de 6 meses si muestran
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una asociacién altura tonal-tamafio, pero no los bebés de 4 meses. Estos datos
sugieren que es necesario un minimo de experiencia y/o maduracion cognitiva, y al
mismo tiempo parece que el lenguaje no juega un papel esencial en dichas

correspondencias transmodales.

Objetivo 3: Los resultados de los estudios 1 y 2 evidenciaron asociaciones
transmodales en poblacidn sin alteraciones neuroldgicas, tanto en adultos como en
bebés. En relacidn a estos resultados, el objetivo fue investigar si las alteraciones en
zonas tradicionalmente asociadas con el procesamiento espacial (por ejemplo, areas
parietales del hemisferio derecho) podian producir déficits en la discriminacién de la
direccion de la altura tonal. Para cumplir este objetivo, realizamos el Estudio 3
(Fernandez y cols., 2016). Se selecciond una muestra de pacientes con trastorno del
aprendizaje no verbal (TANV) y un grupo control. E1 TANV es un trastorno
neurologico relacionado con alteraciones en el hemisferio derecho (Semrud-
Clikeman y Hynd, 1990). Debido a que el TANV implica déficits en habilidades
visuoespaciales, pudimos observar a través de diversas tareas visuales y auditivas si
un grupo de pacientes preadolescentes y adolescentes con TANV también presentan
anomalias discriminando altura tonal. Los resultados confirmaron que, ademas de
déficits en las habilidades espaciales, el TANV también conlleva un déficit en la

discriminacion de variaciones en la altura tonal.
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3. STUDY 1:

Fernandez-Prieto, I. & Navarra, J. Spatial encoding of pitch in
frequency sweeps (accepted, pending minor changes). Psychology of

Music
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Abstract

High-pitched sounds generate larger neural responses than low-pitched sounds. We
investigated whether this difference influences the vertical representation of pitch.
Participants performed a speeded detection of visual targets that could appear at one
of four different spatial positions. Rising or falling frequency sweeps were randomly
presented before the onset of the visual target. Faster reaction times to visual targets
appearing above (but not below) a central fixation point were observed after the
presentation of rising frequency sweeps. No significant effects were found for falling
frequency sweeps and visual targets presented below fixation point. These results
suggest that the difference in the level of arousal between rising and falling frequency
influence their capacity of generating spatial representations. The fact that no
difference was found, in terms of crossmodal effects, between the two upper positions
may indicate that this ‘spatial representation of pitch' is not specific for any particular
spatial location but rather has a widespread influence over stimuli appearing in the
upper visual field. The present findings are relevant for the study of music
performance, human-machine interaction, the design of musical instruments, and
research in other fields where visual and auditory stimuli with certain complexity are

combined (music in advertisements, movies, etc.).

Introduction

Auditory pitch seems to be mapped into vertical coordinates in certain conditions
(see Occelli, Spence, & Zampini, 2009; Rusconi, Kwan, Giordano, Umilta, &
Butterworth, 2006; Sonnadara, Gonzalez, Hansen, Elliott, & Lyons, 2009). Higher
frequencies, for example, appear to be perceived as originating from higher positions
in space (Bregman & Steiger, 1980; Pratt, 1930). Since the ancient Greeks, or even
before, music notation has followed similar pitch-to-space mappings. For instance,
the discovery of the Seikilos epitaph in Aydin (Turkey), from around AD 100 AD,
gave us an example of how the visual representation of pitch in music notation

followed this "crossmodal congruency" even in the ancient world.
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The perceptual overlap between pitch and spatial elevation has widely been reported
in the literature. Melara and O'Brien (1987) demonstrated that these two sensory
dimensions are integrated in such a way that any variation perceived in one of them
has a direct impact on a classification task involving the other. In this previous study,
participants had to rapidly classify, by means of two different response buttons, two
different tones (high vs. low) according to their pitch. Therefore, pitch was the task-
relevant perceptual dimension. Each tone was presented together with a dot that
could appear either above or below the visual middle line. The position of this visual
stimulus was irrelevant for the task. The authors observed that participants’ reaction
times (RTs) were faster when the position of the dot was crossmodally congruent
with the tone (e.g., the dot appeared above the middle line and was presented together
with the high tone) than when they were incongruent. Moreover, the responses when
classifying stimuli according to the relevant dimension slowed down as a
consequence of variation perceived in the irrelevant dimension (Garner, 1974).
Similar results were found when the participants had to judge the position of the dot

and ignore any change 1in pitch.

Recent studies have also shown that reaction times (RTs) at judging differences in
pitch between auditory stimuli can be modulated by the spatial location of the
response button. The response to a sound that is higher in frequency with respect to
a reference sound is faster when it implies an upward movement (Rusconi et al.,
2006; see also Sonnadara et al., 2009). Similar results have been obtained using a
large variety of experimental methods (see Occelli et al., 2009; Parise & Spence, 2009;
Sonnadara et al., 2009), including indirect tasks (Lidji, Kolinsky, Lochy, & Morais,
2007; Rusconi et al., 2006). Further studies also suggest that the spatial representation
of pitch can even modulate visuospatial attention (see Chiou & Rich, 2012;
Mossbridge, Grabowecky, & Suzuki, 2011).

The fact that infants prefer to look at a visual stimulus that moves coherently with
respect to a tone that progressively increases or decreases in frequency (Walker et. al,
2012) suggests the presence of these perceptual association between auditory pitch
and spatial elevation from the very first steps of life. In Walker and collaborators’
study (2010), 3- to 4-months-old infants looked longer at visual stimuli that moved
towards the upper part of the screen when they were presented together with a sound

containing an ascending frequency sweep than when they were presented with a
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sound with descending frequency. Dolscheid, Hunnius, Casasanto, and Majid (2012)
followed the same procedure as Walker (2010) and found similar results showing
crossmodal correspondences in prelinguistic babies. In contrast, however,
Lewkowicz and Minar (2014) failed to replicate these effects after conducting five
experiments with 4-, 6-, and 8-month-old infants, using both identical and different
methods with respect to Walker et al. (2012; see also Walker et al. 2014, for a

response to Lewkowicz & Minar’s study).

Perceptual and cognitive differences between rising and falling pitch

Why is the music in climax scenes (e.g., in terror movies) so high-pitched? High
frequencies are often perceived as being louder and more salient than low frequencies
when they are presented at the same physical intensity (see Fletcher & Munson,
1933). In classic studies by Deutsch (1976, 1978), participants listened to two
different sounds played simultaneously, each one presented at a different ear, with
frequencies of 400 and 800Hz. They reported to hear a fused tone at the ear where
the higher tone was presented. This phenomenon could be taken as evidence
suggesting that the higher frequencies have a larger influence on the spatial
perception (i.e., lateralization) of the stimuli than the lower frequencies (see also
Deutsch & Roll, 1976; von Békésy, 1963).

Several studies conducted with infants indicate a preference for high frequencies at
early stages of life. Infants tend to show predilection for listening to high-pitched than
low-pitched speech (Patterson et. al 1997) and songs (Trainor & Zacharias, 1998).
Furthermore, the discrimination between high frequencies seems to precede, during
the maturation of infants' auditory system, the discrimination between low
frequencies (Olsho, 1984; Olsho, Koch, & Halpin, 1987; Trehub, Schneider, &
Endman, 1980). At a neural level, several studies have revealed, using
electroencephalography (EEG), larger mismatch negativity (MMN) for higher than
for lower deviant tones (Ndatanen, 1990; Naatanen, Gaillard, & Mantysalo, 1978;
Ruusuvirta & Astikainen, 2012). Previous research using tones that contained
frequency sweeps (i.e., dynamically covering a range of frequencies) has revealed a

better performance at detecting an increase in frequency than a decrease (Kishon-
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Rabin, Roth, Dijk, Yinon, & Amir, 2004). In the so-called Doppler Shift, an increase
in acoustic frequency is perceived for sounds that are associated to visual stimuli that
approach us, even when these sounds are presented at a constant frequency (see
Neuhoff, McBeath, & Wanzie, 1996; see also Hasset, 1999; McBeath & Neuhoff,
2002). This effect suggests the presence of a phenomenological relation between the
perception of rising pitch and the alertness generated by objects that move towards
us. This illusory percept has been related to the Doppler Effect (Doppler, 1842), in
which the frequency of a sound generated by moving object is perceived to be higher,
1dentical and lower than the emitted frequency as the object approaches, passes by
and recedes an observer, respectively. For example, the perceived sound of an
ambulance siren is perceived as being higher or lower in frequency than the emitted
frequency when the ambulance approaches or moves away from the perceiver,
respectively. Thus, there seems to be an association between rising frequencies,
approaching objects and, arguably, an increase of alertness. In contrast, dynamic
sounds with descending frequencies seem to be more related to objects that move
away, perhaps inducing a reduction of the level of alertness. This evidence could
easily lead to the hypothesis that rising (i.e., low-to-high) frequency sweeps have a
larger impact on arousal and/or alertness than descending (i.e., high-to-low)
frequency sweeps. An interesting question, addressed in the present study, refers to
the possibility that ascending frequency sweeps (or high tones) also have larger
inherent spatial properties than descending frequency sweeps (or low tones). This has
not been directly explored in previous studies, where possible crossmodal effects have
been addressed including collapsed data from both high (or ascending) and low (or

descending) pitch (e.g., Rusconi et al., 2006; Sonnadara et al., 2009.).

Due to the physical properties of the sound and the spatial separation between the
ears' auricles, humans and other animals can localize high frequencies more
accurately than low frequencies (see Masterton, Heffner, & Ravizza, 1969). Unlike
low frequencies, which are characterized by having long wavelengths, high
frequencies have short wavelengths that allow sound localization based on interaural
time difference (i.e., the interval between the different moments at which an acoustic
signal reaches each ear). In consequence, the spatial localization of sound relies more
on high frequencies than on low frequencies. This fact, combined with the idea that

high frequency sounds generate a larger physiological response, could make us expect
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larger crossmodal effects in sounds with rising pitch than in sounds with descending

pitch.

In the present study, we investigated whether tones with rising frequencies are better
suited for generating spatial representations than tones with falling frequencies. For
this purpose, an adaptation of Posner’s cueing paradigm (Posner, 1980) was used.
This paradigm was originally designed to study spatial attention. Two boxes were
presented on the left and the right of the screen. One of these two boxes was briefly
highlighted (spatial cue). After a certain stimulus-onset asynchrony (SOA), an
asterisk (visual target) appeared in the same box as the spatial cue (i.e., valid or
congruent trial) or else in the box at the opposite side (i.e., invalid or incongruent
trial). Participants were faster at detecting the asterisk in congruent trials than in
incongruent trials. Therefore, the detection of a visual target could be facilitated by a
previous visuospatial cue that oriented spatial attention towards a specific area of the

visual field.

In our modification of Posner’s paradigm, rising and falling frequency sweeps were
used as spatial cues, under the assumption that they may differ in their capability to
modulate (1) the perceiver's arousal and alertness (see Tomatis, 1978), and
consequently, (2) visuospatial attention. More specifically, we used Posner's cueing
paradigm to test the hypothesis that the detection of visual targets would be more
affected by rising frequency sweeps than by falling frequency sweeps. While the
majority of studies addressing the spatial representation of pitch have used pure
tones, presented either in isolation or else embedded in melodies, only a few of them
used pitch-varying (dynamic) stimuli such as frequency sweeps (see Mossbridge,
Grabowecky, & Suzuki, 2011; Walker et al., 2010 for exceptions). Because of the
possible capability of frequency dynamic sweeps to induce "spatial directionality",

they are particularly useful for the study of the spatial representation of pitch.

Vertical and horizontal crossmodal effects between pitch and spatial elevation

While the vertical representation of pitch has received most of the attention in

research on crossmodal correspondences, only a few studies have addressed the
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possible perceptual correspondence between pitch and space in the horizontal axis
(see Rusconi et al., 2006; Lidji et al., 2007). The possible horizontal representation of
pith could perhaps be related to the ability of the brain to create a mental
representation of quantities (e.g., with small numbers being located on the left side
and the large numbers on the right side; see Dehaene, Bossini, & Giraux, 1993; see
also Hubbard, Piazza, Pinel, & Dehaene, 2005, for a review). Following an auditory-
based reinterpretation of this metaphorical association, low frequencies would be
located on the left side (in Western cultures, at least; see Dehaene, Bossini, & Giraux,
1993) and high frequencies on the right. This possible crossmodal association may
perhaps explain why musical instruments are often designed following this "left-

low/right-high rule" (e.g., piano).

Rusconi and colleagues (2006) reported crossmodal correspondence effects between
pitch and horizontal space in experienced musicians. In one of the experiments
included in their study, participants completed a speeded pitch discrimination task
where they had to compare the frequency of a probe and a reference sound. The
results showed that the response times (RTs) were modulated by the spatial location
of the response button in the horizontal axis: faster reaction times were observed for
"higher" and "lower" responses when participants had to press a key located at the
right and at the left side of the keyboard, respectively. However, the fact that no
effects were observed in non-musicians that also participated in this study suggests
that horizontal representations of pitch are largely driven by experience (e.g., musical
training; see also Mossbridge et al., 2011; Chiou & Rich, 2012). According to this
speculative interpretation, pitch would preferentially be represented vertically. The
experimental approach adopted in the present study (see Figure 1) allowed us to
investigate this possible vertical-over-horizontal preference in the spatial

representation of pitch in non-musicians.
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Response time: 1500ms

Visual target: 200ms

SOA: 400ms / 550ms

Sweep sound: 200ms

Figure 1. Sequence and timing of the events in a trial of the experiment. One of the two different
frequency sweeps (one varying from 200Hz to 700Hz and another from 700Hz to 200Hz) were

presented in an adapted version of the classical Posner paradigm.

How specific is the vertical representation of pitch?

Using an adaptation of the Posner cuing paradigm (Posner, 1980), Mossbridge and
colleagues (2012) recently showed that perceiving low-to-high (rising) and high-to-
low (falling) frequency sweeps facilitated the subsequent detection of a visual
stimulus appearing in a spatial position (upper or lower) that was crossmodally
congruent with the sound. Interestingly, this crossmodal correspondence effect
vanished when the visual stimulus appeared in one of 4 different positions (left-up
corner, right-up corner, left-down corner or right-down corner of the computer
screen; see Figure 2), instead of centrally (i.e., above or below a central fixation
point). This pattern of results supports a "local", rather than "global", account of the
spatial representation of pitch, as sounds only influenced the processing of visual
stimuli that appeared at a relatively small area immediately above or below the gaze's

fixation point.
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Figure 2. Global Vs. Positional Analysis. (a) Global vertical cueing analysis. Targets appearing upper
positions of the screen (A1 and A2) and lower positions of the screen (B1 and B2) (b) Global horizontal
cueing analysis. Targets appearing on the left (A1 and B1) and right (A2 and B2) sides of the screen.

(c) Positional cueing analysis. Targets appearing on specific spatial positions (A1, A2, Bl and B2).

Another relevant aspect of Mossbridge et al.'s study (2012) is that the frequency
sweeps only ranged from 300 to 450Hz. If pitch can effectively be mapped into spatial
coordinates, a possibility may be that a larger variation (e.g., 500Hz instead of just
150Hz) could 'cover' a larger area of the visual space, thus inducing larger cuing
effects. Indeed, a plausible hypothesis, tested in the present study, could be that
frequency sweeps covering a larger range of sound frequencies (e.g. 200 to 700Hz or
700 to 200Hz) generate a "path" between 2 relatively specific spatial positions (e.g.,

between positions B1 and A2 in; see Figure 2).

Keeping in mind that that the optimal vertical remapping sound seems to take a
certain amount of processing time (i.e., more than 300ms; see Chiou et al., 2012),
two relatively long stimulus onset asynchronies SOAs (400ms and 550ms) were also
used, between the tone and the visual stimulus, to allow for a complete spatial

remapping of sound, thus facilitating the appearance of spatial cuing effects.

Methods

Participants
Sixteen right-handed non-musician participants (12 females, average age: 21.5), with
normal hearing, and normal or corrected-to-normal vision, took part in the study,

and received 6 euros for their participation. None of the participants received musical
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training since elementary school. The experiment was conducted in accordance with
the Declaration of Helsinki, and had ethical approval from the XXX Ethics
Committee (information omitted to keep anonymity). The participants provided a

written informed consent to participate in the study.

Materials

An Intel Core computer and a 15-inch CRT monitor (Philips 107-E Monitor, 85 Hz)
were used for testing. The experimental procedure was run by E-Prime 2.0
(Psychology Software Tools Inc., Pittsburg, PA) in a dark and soundproof room. The
participants sat at a table in front of the monitor at an approximate distance of 60cm.
Two loudspeakers (Phillips A 1.2 Fun Power, 7510704863, China) were located at

each side of the computer screen.

Procedure

In the variation of the Posner’s cueing paradigm (Posner, 1980) employed in the
present study, the participant had to detect a visual target (a white asterisk of 1.3 cm
of diameter) as fast and as accurately as possible in 320 trials. The visual target could
appear at one of four different spatial positions (two above and two below the fixation
point; see Figure 2). Rising (200-700Hz) or falling (700-200Hz) frequency sweeps
were randomly presented either 400 or 550 ms before the onset of a visual target.
These two different SOAs were selected based on previous literature (Chiou & Rich,
2012) and were randomly presented to avoid temporal predictability between the
auditory and the visual stimuli. Participants were instructed to press, as fast as
possible, using the index finger of their right hand, a key on a computer keyboard
after detecting a visual target. The participants' index finger of the right hand rested
on the response key during the testing session.

Each trial began with a fixation display (1.5x1.5 cm), consisting of a white central
cross flanked by four square-shaped placeholders of 16 cm? (two above and two below
the fixation point; see Figure 2). After 1500 ms, one of the two possible frequency
sweeps (rising or falling; constantly varying from 200 to 700Hz or from 700 to 200Hz,
respectively) was presented for 210 ms (with a 5-ms fade-in and fade-out to avoid

clicks) at 75dB(A). The visual target appeared, for 200 ms, after a stimulus-onset
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asynchrony (SOA) of either 400 or 550 ms, at one of four different spatial positions
inside a placeholder (up-right, up-left, down-right or down-left; i.e., positions A1, A2,
B1, and B2 in Figure 2). The display (fixation cross and placeholders) remained

visible until participants' response with a time limit of 1500 ms.

Results

Reaction times (RTs) faster than 150 ms were considered as anticipatory responses
and were not included in the statistical analyses. This decision was motivated by the
fact that the time needed to process the perceptual information and execute the motor
response cannot physiologically be shorter than 150ms Several statistical analyses
were performed to address possible audiovisual cuing effects along the vertical axis
(A1+A2 vs. B1+B2; see Figure 2), along the horizontal axis (A1+B1 vs. A2+B2; see
Figure 2), as well as at specific positions on each of the different placeholders (A1 vs.
A2 vs. Bl vs. B2; see Figure 2).

"Vertical' analyses

Following previous literature (see Spence, 2011, for a review), we understood the
factor "spatial congruence" as follows: A target that appeared in an upper position of
the screen (A1 or A2 positions) after the presentation of a rising frequency sweep was
considered as congruent. Visual targets appearing at lower positions (B1 or B2) after
a rising frequency sweeps were considered as incongruent. In contrast, visual targets
appearing at a lower position (B1 or B2) or at a higher position (Al or A2), after the
presentation of a falling frequency sweep, were considered as congruent and

incongruent, respectively.

A repeated-measures analysis of variance (ANOVA), including the within-subjects
factors "congruency" (congruent vs. incongruent condition), “SOA” (400 vs. 550ms)
and "direction of the frequency sweep" (ascending vs. descending frequency sweep),
revealed no interaction between this three factors, F (1, 15) = .835, p = .375, 1> =
.053. Significant effects of congruency and direction of the frequency sweep were

found, F (1, 15) = 5.996, p = .027, n,2 = .236; F(1,15) = 5.325, p = .036, n,? = .262,
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respectively. A subsequent ANOVA including only the factors “congruency” and
“direction of the frequency sweep” revealed a significant interaction between them,
F(1,15)=6.695, p=.018, n,> = .318. No significant differences were found between
the two SOAs.

+ 700-200Hz

Az
+ 200-700Hz

Figure 3. The arrow represents a hypothetical dynamic spatial representation of the auditory cue. (a)
Congruent condition (valid cue) with a frequency sweep sound going from a high tone to low tone (b)
Congruent condition (valid cue) with a frequency sweep sound going from a low tone to high tone (c)
Incongruent condition (invalid cue) with a frequency sweep sound going from a high tone to low tone

(d) Incongruent condition (invalid cue) with a sweeper sound going from a low tone to high tone.

Further analyses, including collapsed data from both SOAs and conducted only with
trials that contained rising frequency sweeps, revealed significantly faster RT's in the
congruent condition than in the incongruent condition (¢ (15) = -4.513, p < .01). No
significant differences were found between the congruent and the incongruent
condition for falling frequency sweeps (¢ (15) = .230, p = .822) (see Table 1 and Figure
4).
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Figure 4. Mean of the participant (in miliseconds) in each condition (congruent/incongruent) for the
two different frequency sweeps (ascending/descending). Error bars indicate standard error of the

mean.

'Horizontal' analyses

In the "horizontal" analyses, and following previous literature (see Rusconi et al.,
20006), targets appearing on the left (Al and B1) and right (A2 and B2) sides of the
screen were considered as congruent after the presentation of falling and rising
frequency sweeps, respectively (see Figure 3). Targets appearing on the opposite sides
were considered as incongruent. None of the significant effects found in the previous

analyses were observed in the 'horizontal' analyses (see Table 1).

'Positional’ analyses

An ANOVA including the within-subjects factors "SOA", “position” (Al, A2, BI,
B2; see Figure 3) and “direction of the frequency sweep” revealed an absence of
interaction between the 3 factors, F (1, 15) = 1.455, p = .272, n,* =.251. However,
significant differences by position were revealed, F (1, 15) = 6.134, p = .008, n,* =
.686; reflecting the widely-observed tendency of upward movements to be faster than

downward movements.

In an attempt to see whether the spatial cuing effects were "global" (i.e., taking place
on the upper or lower wide areas of the screen, including A1+A2 and B1+B2,
respectively) or "local" (i.e., for specific spatial positions, e.g., A2), more analyses

were carried out. T-tests, conducted separately for rising and falling frequency
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sweeps, revealed no significant differences between the RTs in each of the four
different positions and the average of RTs in all of the other positions. These analyses
allowed us to see whether RTs to visual targets were significantly faster or slower (see
Table 1), when preceded by a specific auditory cue, in a particular position (e.g., A2;
see Figure 3b) than in the other three positions (A1, B1, and B2). Note that the tests
for a possible "global" account of our results (i.e., considering collapsed data from the
two upper positions and the two lower positions separately) are presented above (see

'vertical' analyses).

Table 1. Participants’ mean reaction times and standard deviations for all conditions.

Student’s #-tests between congruent and incongruent conditions.

Direction Congruent Incongruent Student's
of the condition Condition t-test
frequency
sweep
Vertical Cueing Rising 261,917 ms 272,939 ms t(16)=-4.513,p
effects pitch (SD =41,276 ms) (SD =43,992 ms) <.01
Falling 262,620 ms 261,800 ms t(15)=.230, p
pitch (SD =40,408 ms) (SD =40,408 ms) = .822
Horizontal Rising 263,978 ms 261,356 ms t(15)=1314p
Cueing effects pitch (SD=42,010ms) (SD =41,062ms) =.208
Falling 263,375 ms 263,096 ms t(15)=-657,p
pitch (SD =38,747 ms) (SD =43,382 ms) =.521
Positional Rising 263,636 ms 268,692 ms t(15)=-1.684,p
Cueing effects pitch (SD =40,490 ms) (SD =43,402 ms) =.113
Falling 264,668 ms 261,391 ms t(15)=1.042,p
pitch (SD =40,312ms) (SD=237,899 ms) =.314

Discussion

Along with previous studies (Rusconi et al., 2006; Sonnadara et al., 2009; Chiou &
Rich, 2012) our results suggest that auditory stimuli have inherent spatial properties

that can modulate the subsequent spatial processing of visual stimuli by means of
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spatial cuing. However, this cuing effect was only observed, in our study, in certain

conditions:

46

(1) Rising frequency sweeps elicited faster responses to visual targets presented

on the superior part of the screen (see Figure 2) than to visual targets presented
on the inferior part of the screen. Falling frequency sweeps did not elicit
comparable effects (i.e., faster RTs for visual stimuli presented below fixation
point). The fact that crossmodal correspondences occurred for rising but not
for falling frequency sweeps may be related to basic differences between them
in terms of modulating the perceivers' physiological response (Ruusurvirta &
Astikainen, 2012; Nadtdnen et al., 1978; Nddtdnen, 1990). Following our
initial hypotheses, this difference between rising and falling frequency sweeps
may percolate into their capacity to generate spatial representations and cuing

effects based on crossmodal correspondences

(2) Frequency sweeps do not modulate, in non-musicians, the detection of visual

target appearing at the right or the left side of the visual field (horizontal axis).
Crossmodal correspondences between pitch and space occurred along the
vertical axis but not along the horizontal axis, suggesting that pitch is

preferentially represented vertically, rather than horizontally.

(3) The spatial cueing effect generated by the rising frequency sweeps was, in our

study, not specific for any particular position (e.g., right-up corner, or A2 in
our experiment). This result supports a more 'global' (i.e., for 'up' and 'down’
positions, in general) than 'local' (i.e., for a particular position in space)

account of the spatial representation of pitch.

(4) Rising frequency sweeps seemed to slow down the participants' responses to

visual stimuli that appeared in a crossmodally incongruent spatial position
(i.e., below fixation point). However, a neutral (or baseline) condition would
be needed to further test this hypothesis and see whether RT effects can be
seen in congruent trials (i.e., shorter RTs with respect to neutral trials),

incongruent trials (i.e., slower RTs) or in both types of trial.



A possible explanation of why the cueing effects took place only for upper positions
may be that low-to-high (rising) frequency sweeps have a larger impact over the
perceiver's arousal than falling sweeps, and also that this effect interacts with the
crossmodal (spatial) representation of pitch. In line with classical sound lateralization
studies (Deutsch, 1976, 1978; Deutsch & Roll, 1976), the auditory system presents a
perceptual bias for high frequencies over lower frequencies. Higher frequencies seem
to drive sound localization: competitive sounds are usually perceived in the ear that
received the highest frequency. We believe that crossmodal correspondences occur
more preponderantly for ascending frequency sweeps due to the particular properties
of high (and, arguably, ascending) frequencies: They can, for example, increase the
perceiver’s alertness (Tomatis, 1978). The fact that high-pitched sounds generate
more psycho-physiological response (as measured in EEG) than low-pitched tones
(see Naatdnen, 1990; Naatanen, Gaillard, & Mantysalo, 1978; Ruusuvirta &
Astikainen, 2012) may also support our interpretation of the results. At an early age,
our auditory system seems to be more tuned to perceive high frequencies than low
frequencies (Olsho, 1984; Olsho, Koch, & Halpin, 1987; Trehub, Schneider, &
Endman, 1980).

Our data did not indicate the presence of any spatial representation of pitch along the
horizontal axis in non-musicians. Despite the fact that intense musical training can
modify and increase the spatial encoding along the horizontal axis (see Rusconi et
al., 2006), our results indicate that pitch is predominantly encoded vertically in
absence of intensive musical training. Furthermore, and considering evidence from a
previous study by Lidji’s and collaborators (2007), the use of indirect speeded tasks
(e.g., detecting a visual target, as in the present study) does not seem to produce
crossmodal correspondence effects between pitch and space in the horizontal plane
in non-musicians. Further results obtained by Chiou & Rich (2012), in which no
evidence was found indicating the presence of crossmodal correspondence along the
horizontal axis in non-musicians, may provide further support for the idea that pitch

1s preferentially represented vertically in listeners with no musical expertise.
As Figure 3 reveals, the frequency sweep used in the present study could plausibly
have originated a “sense of direction”, perhaps moving the focus of attention to a

specific area of the superior o inferior visual field (e.g., a rising frequency sweep cuing
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position A2). However, our data suggests that the effects of the spatial representation
of rising pitch are widespread and non-directional rather than location-specific and
directional.

Finally, the larger RTs observed in the incongruent condition are in line with another
recent study conducted in our laboratory, in which a larger amplitude of the P3b
visual-evoked potential was observed as consequence of a mismatch between a
“spatial expectation” generated by a highly-predictable melody and the spatial
location of a visual target (XXX, submitted, information omitted to information
omitted to keep anonymity). Taken together, the results of both studies may suggest
that auditory stimuli containing changes in pitch (e.g., sounds with rising pitch) can
modulate the perceptual system's reaction to upcoming visual targets that appear in
particular spatial positions. Thus, these findings could perhaps have a significant
impact in several disciplines related to sound processing and music. The design of
musical instruments, loudspeakers, or digital platforms for music production and
edition may perhaps take our results into account to balance (or take advantage of)

the different psychological effects of perceiving low and high frequencies.
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Abstract

High-frequency sounds are associated crossmodaly with high spatial positions, as well as
with bright, small, and sharp objects. Conversely, low frequency sounds are associated
with low spatial positions, and with dark, big and rounded objects (see Bien, ten Oever,
Goebel, & Sack, 2012; Gallace & Spence, 2006; Marks, 1974; Melara & O’Brien, 1987,
Rusconi, Kwan, Giordano, Umilta, & Butterworth, 2006; see also Spence, 2011, for a

review).

Introduction

A relevant question from a developmental point of view concerns whether these possible
audiovisual correspondences have to be learned from experience or else they are already
present from very early on, even before language is acquired. Some studies suggest that
crossmodal correspondences are rooted in language (see Marks, 1984; Marks, Hammeal,
& Bornstein, 1987; Smith & Sera, 1992). These associative links would, according to this
hypothesis, emerge after the acquisition of language (that is, after specific space-related
lexical items are acquired). In contrast, other studies indicate that language may not be
essential for the arising of such crossmodal links. For example, Parkinson, Kohler, Sievers,
and Wheatley (2012) explored pitch classification in adults from a hill tribe in Cambodia,
whose language does not use spatial-related labels to refer to pitch (as it happens in English,
and the vast majority of languages). The perceptual association between pitch and vertical
position was present in members of this tribe, suggesting that the presence of space-based
terms to describe pitch may not be necessary for this perceptual association to appear (see
also Martino & Marks, 1999).

Regarding the development of these crossmodal associations, Walker and colleagues
(2010) found evidence of a cross-modal link between dynamic sounds and visuospatial
height (as well as between pitch and visual sharpness) in 3- to 4-month-old infants. Infants
looked longer at the visual stimuli in the crossmodaly congruent conditions (e.g., an
ascending frequency sound combined with a visual stimulus moving toward the upper part
of the screen) than in the incongruent conditions. Although other authors have failed to

replicate these effects (see Lewkowicz & Minar, 2014), Dolscheid, Hunnius, Casasanto,
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and Majid (2014) have recently found converging evidence of a crossmodal association
between ascending or descending sweeps (low-to-high or high-to-low in frequency) and
spatial elevation in 3- to 4-month-old infants, and also between pitch and width. Infants
preferred to look at the congruent condition (e.g., a narrow visual stimulus combined with
an ascending frequency sweep) than at the incongruent one. In another recent study, Peia,
Mehler, and Nespor (2011) also demonstrated that 4-month-old infants are able to
perceptually associate ‘high-frontal’ (/i/and/e/) and ‘low-posterior’ (/a/and/o/) vowels

with small and large geometric shapes, respectively.

Other perceptual associations between visual and acoustic features, such as size or
brightness and pitch, have also been observed in 30—36 month-old children (Mondloch &
Maurer, 2004). Haryu and Kajikawa (2012) recently reported that 10-month-old infants
associate high/low frequencies with bright/dark objects, respectively. However, no signs

of a perceptual relation between pitch and visual size were observed at this age.

In the current study, we further explored the association between pitch and the size of
visual stimuli in young infants. In contrast with Pena™ et al.’s study (2011), we used
auditory stimuli (pure-tone frequency sweeps) that bore no relation to human language.
This allowed us to address possible perceptual links between visual size and pitch beyond
possible “speech-based” (and perhaps more direct) associations (e.g., between different
vowels and the size of the mouth aperture). Moreover, in contrast with Haryu and
Kajikawa’s (2012) and Mondloch & Maurer’s (2004) studies, dynamic sounds (frequency
sweeps) were used instead of low or high frequency flat tones, thus covering a larger
spectrum of sound frequencies that ranged between 300 Hz and 1700 Hz (see Dolscheid et
al., 2014; Walker et al., 2010). Four- and 6-month-old infants were tested to examine
whether this correspondence is already present at these early ages and, therefore, before

the acquisition of spatial/abstract lexical items or not (see Swingley, 2009, for a review).

Eighteen full-term 4-month-old infants (9 females; M = 129 days, SD = 5 days) and 18 full-
term 6-month-old infants participated in the study (7 females; M = 189 days, SD = 7 days).
Sixteen additional infants were tested but not included in the final sample because of crying
or fussiness (eight 4-month-old and seven 6-month-old infants) and experimental error (one
4-month-old infant). Participants were recruited at the maternity unit at Hospital Sant Joan

de Déu. Parental consent was obtained before running the experiment. During the
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experiment, the infant sat in a high chair, watching a series of audiovisual animations on
a 17-inch TFT monitor. The total amount of time that an infant looked directly to a specific
area of the screen was determined by a Tobii T120 Eye-tracker, which was used to collect
and store eye-tracking data in an Intel Core 15 computer. Auditory stimuli were delivered

from two loudspeakers located at each side of the computer screen.

The experiment contained 4 blocks, randomly presented, each one including 6 trials (24
trials in total). Each block began with an attention getter — a white cross — at the center of
the screen, followed by 6 identical trials of 2500 ms of duration. Each trial consisted on
two yellow balls appearing simultaneously at the 2 sides (left and right) of the screen, at
15.2 cm from the center (see Fig. 1.). While one of the balls increased in size (from a
diameter of 3 cm to a diameter of 13.5 cm), the other one decreased (from a diameter of
13.5 cm to a diameter of 3 cm), at a constant speed of 4.2 cm per second. The presentation
of these dynamic visual stimuli was accompanied by an auditory presentation of an
ascending (300-1700 Hz) or a descending frequency sweep (1700-300 Hz) at 60 dB (see
Fig. 1). The side on which the increasing or decreasing ball appeared changed in a block-
by-block basis.

Two areas of interest (AOI) were established at each side of the screen. We calculated the
proportion-of-total-looking-time (PTLT) directed at each AOI by dividing the total amount
of looking time infants spent at each AOI by the time they spent looking at both AQOIs.
Additionally, the total amount of looking time spent at each AOI was used for other

analyses.
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f 1)) 1700-300Hz

Fig. 1. Example of a sequence of events of two trial animations used in the experiment. The size of the left
and the right ball, which were presented in combination with a descending frequency sweep, decreased and

increased, respectively.

Analyses including PTLT scores revealed that 6-month-old infants looked at the
audiovisually congruent stimuli above chance level (see Fig. 3) [t (17) = 2.57, p = .02]. This

effect was not observed in the 4-month-old infant group [t (17) = .37, p = .72] (see Fig. 2).
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Proportion-of-total-looking-time {(PTLT) at the Congruent
Stimuli
o
o
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Fig. 2. Proportion-of-total-looking-time (PTLT) for the congruent visual stimuli in 4- and 6-month-old

infants. The dotted line indicates chance level. Error bars indicate standard error of the mean.
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In order to avoid the dependency between the total looking time to the right and the left
AOQOI within the same trial, we compared the total time looking at both AOI in each trial.
That is, we calculated the total amount of time during which infants looked at right and
left AOI (right or left ball, respectively) in each trial (note that the AOI’s were congruent
with the sound in half of the trials, and incongruent in the other half). We then conducted
an analysis of variance (ANOVA) including “age” (4-vs. 6-month-old infants) as a
between-subject factor, and “congruency” (congruent trials vs. incongruent trials) and
“side” (Left vs. Right AOI) as within-subject factors. We found a marginal congruency
effect [F (1, 34) = 3.69, p = .06, 2p = .10], and a significant interaction between congruency
and age [F (1, 34) = 6.45, p = .02, 2p = .16]. No interaction between congruency and side
was observed [F (1, 34) = 0.08, p = .78, 2p = .00].

A follow-up analysis motivated by the interaction found between congruency and age
revealed that 6-month-old infants looked longer at the audiovisually congruent trials than
at the incongruent ones [F (17) = 6.44, p = .02, 2p = .27]. In contrast, 4-month-old infants
did not show this looking time difference [F (17) = .42, p = .52, 2p = .02] (See Fig. 3).

8000
Tg 7000
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§ = 6000
S5
%'.o = 5000 Congruent
S a trials
9 4000
< 2
8 3000 M Incongruent
- trials
2000
1000
4]
4-month-old 6-month-old

Fig. 3. Average of total looking time in the congruent and incongruent trials at the AOI’s in 4- and 6-month-

old infants. Bars indicate standard error of the mean.

59



Taken together, the results of the present study suggest that crossmodal correspondences
between visual size and pitch are already present at an early age, being more prominently
observed in infants of 6 months of age than in younger (4-month-old) infants. Our findings
indicate that the crossmodal association between size and pitch can be observed very early
on, but also that some experience (and/or perhaps more cerebral maturation) may be
needed for us to observe its presence in infants. Our results reflect that 6 months of
exposure to the environment would be enough to consolidate the associative

correspondence between visual size and auditory pitch.

Mondloch and Maurer (2004) reported crossmodal links between size (small/big) and
pitch in 35-month-old toddlers (see also Marks et al., 1987). Although Mondloch and
Mourer’s findings are in line with our results, the participants in our study were much
younger (and clearly prelexical) infants. Therefore, our results give support to the idea that
language is not necessary for crossmodal correspondences to occur. However, this
hypothesis does not refute a possible mediation of language in crossmodal correspondences
in later stages of life (e.g., by evoking words with spatial or size connotations while
performing auditory tasks). The present results are in line with evidence of other
crossmodal associations reported both in young infants (e.g., Walker et al., 2010) and in
adults whose language does not contain any spatial term to describe pitch (Parkinson et
al., 2012). Our results also fit well with previous evidence of a crossmodal association
between specific speech sounds and the size of visual objects (Pena™ et al., 2011).
Considering that in the present study frequency-modulated pure tones were used instead
of vowels, we can conclude that this crossmodal link is also present in non-speech stimuli,
and beyond a plausible articulatory-mediated projection of vowels onto their
corresponding size of mouth aperture (see Pena™ et al., 2011). The present findings may
suggest that the crossmodal correspondences between different visouspatial dimensions

and pitch do not depend entirely on language.

In contrast with our results, Haryu and Kajikawa (2012) reported that 10-month-old infants
were not able to associate pitch and visual size. The apparent discrepancy between the two
studies could perhaps be based on methodological issues. In Haryu and Kajikawa’s study,
static auditory stimuli (a 2096 Hz high-pitched tone and a 262 Hz low-pitched tone) and
moving visual stimuli (bouncing balls) were used. Therefore, the intrinsic properties of the

auditory and the visual stimuli were different, with the latter being more dynamic than the
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former. In our study, both stimuli were dynamic, perhaps increasing the possibility of
establishing a link between the auditory and the visual stimuli. The visual and the auditory
stimuli could gradually increase or decrease both in size and in frequency. While static
tones have been employed in the majority of studies addressing crossmodal connexions
(see Chiou & Rich, 2012; Occelli, Spence, & Zampini, 2009; Rusconi et al., 2006), only a
few of them have employed frequency sweeps (see Mossbridge, Grabowecky, & Suzuki,

2011; Walker et al., 2010).

Another relevant aspect of our study that might have influenced our results is brightness.
As the visual stimulus was increasing in size, the bright surface was also augmenting.
Although some studies have shown crossmodal correspondences between brightness and
pitch (Haryu & Kajikawa, 2012; Marks, 1974), there is no direct evidence suggesting that
the size of brightness’ surfaces (with no modification of the level of brightness by itself, as
in the present study) can be associated with different sound frequencies. Further research
manipulating both brightness and visual size will be needed to investigate how these 2

visual features interact in (perhaps more ecologically-valid) perceptual correspondences.

We believe that our results support the idea that the crossmodal correspondence between
pitch and visual size start to arise during the first months of life and is fully acquired at
around 6 months of age, after some experience with the environment. At the same time,
the crossmodal correspondence between size and pitch seems to be, at these early ages,

independent from language.
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Abstract

The nonverbal learning disability (NLD) is a neurological dysfunction that affects cognitive
functions predominantly related to the right hemisphere such as spatial and abstract
reasoning. Previous evidence in healthy adults suggests that acoustic pitch (i.e., the relative
difference in frequency between sounds) is, under certain conditions, encoded in specific
areas of the right hemisphere that also encode the spatial elevation of external objects (e.g.,
high vs. low position). Taking this evidence into account, we explored the perception of
pitch in preadolescents and adolescents with NLD and in a group of healthy participants
matched by age, gender, musical knowledge and handedness. Participants performed four
speeded tests: a stimulus detection test and three perceptual categorization tests based on

colour, spatial position and pitch.

Results revealed that both groups were equally fast at detecting visual targets and
categorizing visual stimuli according to their colour. In contrast, the NLD group showed
slower responses than the control group when categorizing space (direction of a visual
object) and pitch (direction of a change in sound frequency). This pattern of results suggests
the presence of a subtle deficit at judging pitch in NLD along with the traditionally-

described difficulties in spatial processing.
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What does this paper add?

Nonverbal learning disability (NLD) is a complex and multisymptomatic disorder
characterized by the presence of deficits in visuospatial processing and in other cognitive
abilities such as numerical processing, prosody. However, despite the wide range of
cognitive processes affected, auditory perception has been historically discarded as part of
the diagnosis criteria for NLD. In the current study, we report a possible deficit in pitch
perception in NLD. Our results indicate that children with NLD show significant
difficulties at judging the direction of a change in the frequency of sounds. This lower level
of pitch perception performance could be associated with structural anomalies previously
observed in children with NLD (e.g. white matter alterations in the right hemisphere). The
right hemisphere has generally been related to the processing of speech prosody. Keeping
in mind that the key mechanism to decode speech prosody is based on deciphering the
variations in pitch that are available in the speech signal, our results may perhaps explain

the difficulties in understanding speech prosody previously found in NLD.
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1. Introduction

Nonverbal learning disability (NLD) is a neurological learning disorder mostly related to
the right hemisphere (see Semrud-Clikeman & Hynd, 1990) whose prevalence is estimated
to be around 5-10% of all learning disabilities (Davis & Broitman, 2011). This disability
was first described by Myklebust (1975) as a subtype of learning disorders that affect non-

linguistic abilities.

Although researchers in the field do not question the need of a diagnostic label for NLD,
there is some disagreement regarding the criteria used in its differential diagnosis. In an
attempt to reduce this ambiguity in the diagnosis of NLD, Mammarella and Cornoldi
(2014) (see also Fine, Semrud-Clikeman, Bledsoe, & Musielak, 2013) proposed several
criteria based on a review of the last 30 years of research in the field NLD is characterized
by (1) poor visuospatial and good verbal intelligence, (2) the presence of difficulties in
visuoconstructive and fine-motor abilities, (3) poor mathematical and good reading
decoding achievement at school, (4) spatial working memory deficits, and (5) emotional
and social difficulties. The authors of this comprehensive study also suggested that the first
criterion should always be present in the diagnosis of NLD and at least two of the other

four criteria should be met.

So far, the visuospatial and mathematical abilities have monopolized most of the research
conducted on NLD. In a recent study, Crollen, Vanderclausen, Allaire, Pollaris, and Noél
(2015) observed visuospatial and numerical processing deficits in children diagnosed with
NLD. More specifically, these authors explored the spatial representation of numbers (see
Dehaene, Bossini, & Giroux, 1993) and found that children with NLD were less able to
represent numbers spatially than a control group of healthy children. In particular, children
with NLD did not show any tendency to associate small numbers to the left side and bigger
numbers to the right side of the external space, a phenomenon previously observed in
healthy participants and known as the SNARC effect (Spatial Numerical Association of
Response Codes; see Dehaene, Bossini, & Giroux, 1993; see also Hubbard, Piazza, Pinel,
& Dehaene, 2005, for a review).

Children and adolescents with NLD do not usually show anomalies in basic language skills

(e.g. morphology or phonology), reading decoding, or in any other cognitive function such
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as attention or long-term memory (see Mammarella et al., 2009; Pennington, 2009; Rigau-
Ratera, Garcia-Nonell, & Artigas-Pallares, 2004; Rourke & Tsatsanis, 2000). Importantly,
previous studies have also discarded the presence of auditory deficits in NLD (see Rourke,
1989, 1995).

Regarding the possible neural bases of NLD, it has been suggested the presence of
significant white matter perturbations in the right hemisphere of patients with NLD
(Rourke, 1987, 1988, 1995). According to Rourke (1987), white matter alterations in the
right hemisphere correlate positively with the presence of symptoms commonly described
in NLD such as difficulties in visuospatial processing and speech prosody. Given the
prominent participation of the right hemisphere (see Gandour et al., 2004; Ross & Monnot,
2008; Tong et al., 2005; Wong, 2002; for a review) and, specially its posterior (parietal)
regions (see Perrone-Bertolotti et al., 2013) in processing prosody of speech, it is not
surprising that this linguistic dimension is affected in NLShapiro and Danly (1985)
demonstrated, after analysing sentences read by patients with lesions in different areas of
the brain, that only patients with post-Rolandic posterior lesions in the right hemisphere
produce altered prosodic speech characterized with exaggerated variations in pitch. More
recently, in a study conducted with sleeping 3-month-old infants, Homae, Watanabe,
Nakano, Asakawa, and Taga (2006) showed that the right temporoparietal regions of the
brain are, that the right temporoparietal regions of the brain are more sensitive to normal
speech — which includes variations in pitch and loudness- than its left counterparts (see also
Arimitsu et al., 2011).

Noteworthy, the key mechanism to decode speech prosody is based on decoding variations
in pitch; that is, on discriminating dynamic changes in the frequency of sound (see D. Patel,
Peretz, Tramo, & Labreque, 1998). Interestingly, patients with a unilateral cerebrovascular
lesion in the right hemisphere show poorer perception of pitch contour than patients with
the same lesion in the left hemisphere (see Peretz, 1990). Despite the involvement of pitch
perception in the comprehension of speech prosody, and the fact that the right hemisphere
contributes to both processes, there are no studies specifically exploring possible deficits in

pitch perception in patients with NLD.

Another reason for investigating pitch perception in NLD is based on previous behavioural

evidence suggesting that, in a similar way as in the already mentioned SNARC effect, high
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and low sound frequencies seem to be mapped onto high and low spatial positions,
respectively. In fact, there is strong evidence suggesting that the processing of pitch and
vertical coordinates in space influence each other in such a way that the responses to one
of these dimensions can be modified by manipulating the other (see Melara & O’Brien,
1987; Occelli, Spence, & Zampini, 2009; Rusconi, Kwan, Giordano, Umilta, &
Butterworth, 2006). Crucially for the present study, Melara and O’Brien (1987)
demonstrated the existence of a crossmodal link between pitch and spatial elevation. In
their study, participants had to make an auditory or visual classification task while ignoring
any stimulus variation in the other (irrelevant) dimension. When pitch was the relevant
dimension, the participants had to press one of two different buttons every time they
perceived a high or a low frequency sound. The auditory stimuli were presented together
with a dot that could appear in a higher or lower position with respect of the central point
of fixation. When the spatial position was the relevant dimension, the same procedure was
used but the participants had to respond to the position of the dot instead of responding to
sound pitch. These authors observed that a variation in the auditory dimension affected
the participants’ responses to the visuospatial dimension and vice versa. Moreover, the
results revealed faster responses in the compatible trials, in both auditory and visual
conditions (e.g. the dot appeared in a high position while a high frequency sound was

presented).

The presence of a strong crossmodal association between the pitch and verticality has also
been observed in many studies using a large variety of experimental methodologies (see
Occelli et al., 2009; Parise & Spence, 2009; Sonnadara et al., 2009; see Deroy & Spence,
2013; Deroy, Fernandez-Prieto, Navarra & Spence, in press; Spence, 2011 for reviews),
including indirect tasks in which the participants were not asked to perform any judgment
regarding pitch or spatial elevation (Lidji, Kolinsky, Lochy, & Morais, 2007; Rusconi et
al., 2006). Perceiving sounds with high or low frequencies can even bias the perceivers’
visuospatial attention towards upper or lower spatial locations, respectively (see Chiou &
Rich, 2012; Mossbridge, Grabowecky, & Suzuki, 2011).

In the current study, we explored auditory pitch and visuospatial perception in a group of
adolescents with NLD (NLD group) and in a control group of adolescents without any
neurological or psychiatric disorder. To achieve this goal, four computer-based tests were

designed:
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Auditory pitch categorization test. This test was designed to obtain accurate
measures (reaction times, RTs; and accuracy) of the participants’ ability to

categorize sounds containing either an ascending or a descending change in pitch.

Visuospatial categorization test. This test was created as an analogy of the auditory
pitch categorization test. The participants’ task consisted on judging the direction,

along the vertical axis, of a visual stimulus (a filled circle).

Speeded stimulus detection test. This test was included in our study to obtain an
index of the participants’ speed at responding to external stimulation. This was
done to ensure that the NLD group was not generally slower in responding to

external stimulation than the control group.

Colour categorization test. This test was included to address the participants’ ability
to use sensory information and categorize stimuli according to a specific perceptual

dimension (in this case, colour).

While no difference was expected between the two groups in the last two tests (speeded

detection and colour categoriza-tion), we expected to observe poorer performance in the

NLD group than in the control group in the first two tests (involving pitch and visuospatial

judgments, respectively). Finally, according to our specific hypothesis that pitch processing

would be impaired in NLD, a correlation between the measures obtained in the first two

tests was also expected.

2. Method

2.1.

Participants

Eight male adolescents with NLD (six right handed, mean age 13.3 £SD 1.5 years) and

eight healthy male adolescents (six right handed, mean age 13.4 £SD 1.6 years)

participated in the study. The patients with NLD were matched by age and handedness,

and were recruited at the Learning Disorders Unit (Unitat de Trastorns de I’ Aprenentatge
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Escolar, UTAE) of Hospital Sant Joan de Déu (Barcelona, Spain). The patients had
already been diagnosed with NLD and were selected according to the following criteria

(see Fine, Semrud-Clikeman, Bledsoe, & Musielak, 2013):

- Presence of difficulties in motor abilities (fulfilling the DSM-IV-TR criteria for
developmental coordination disorder) as measured in Purdue Pegboard Test (manual

dexterity and bimanual coordination). Scores had to be lower than typically developing

children by 15 points (1 < SD).

- Visuospatial and visuomotor difficulties, with scores lower than typically
developing children by 15 points (1 < SD) in the NEPSY Arrows subtest and the Blocks
Design subtest from the Wechsler Intelligence Scale for Children IV (WISC-1V).

- The presence of at least 2 of the following symptoms:

. Social difficulties (assessed using the Vineland Adaptive Behavior Scale, VABS).
Scores had to be 15 points below typically developing children (1 < SD) in communication,
living skills and socialization subtests.

. Verbal 1Q higher by 15 points or more than typically developing children (1<SD)
in the similarity, vocabulary and comprehension subtests of WISC-IV.

. Mathematical disability as observed in scores lower than typically developing

children by 15 points (1<SD) in the mathematical subtests from WISC-IV.

- Exclusion criteria were the presence of intellectual disability in WISC-IV, the
presence of specific learning disorder with reading or written expression impairments
(according to Diagnostic and statistical manual of mental disorders, 5th ed., DSM-5), the
presence of academic difficulties in linguistic skills, attention deficit/hyperactivity disorder
(as assessed by the Conners scales for parents, CPRS-48, and teachers, CTRS-28) and/or
autism spectrum disorder (as evaluated by the Autism Diagnostic Interview-Revised, ADI-
R).
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2.2. Apparatus

An Intel Core computer and a 15-inch CRT monitor (Philips 107-E Monitor, 85 Hz) were
used to run the four tests. The experimental procedure was controlled by E-Prime 2.0
(Psychology Software Tools Inc., Pittsburg, PA). The study was conducted in a dimly-lit
and sound-attenuated room. The participants sat at an approximate distance of 60 cm from
the monitor. Two loudspeakers (Phillips A 1.2 Fun Power, China) were located at each

side of the computer screen.

2.3. Experimental tasks

All of the participants performed the four computerized tests. Their performance was
measured in terms of reaction times (RTs) in correct responses and accuracy (the
proportion of incorrect responses in each test). These were considered as the dependant

variables in all of the statistical analyses.

2.3.1. Auditory pitch categorization test

This test was divided in two blocks, with a one-min pause between them. Each block
included 44 test trials. The par-ticipants had to identify the direction (ascending or
descending) of a progressive change in the sound frequency of pure tones. There were four
different frequency sweeps with a duration of 2100 ms; two ascending (with a frequency
ranging from 466 Hz to 587 Hz, and from 932 Hz to 1174 Hz) and two descending (from
466 Hz to 370 Hz, and 932 Hz to 739 Hz). Before the test, the participants were told that
the two directions in frequency (ascending or descending) were produced by two different
cartoon characters (e.g., the green cartoon character produced ascending sweeps and the
red character produced descending sweeps; see Fig. 1A) and that their task consisted on
deciding which of the two characters produced the tone in each trial. This association
between the cartoons and the tones was counterbalanced across participants. During the
main pitch categorization test, participants responded with two different keys of the
computer keyboard to indicate the character that produced the tone just presented (e.g.,

“a” for the green cartoon 1 and “1” for the red cartoon 2). Visual feedback (indicating a
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correct or an incorrect response or a response omission) was provided, during 1500 ms,
after each response, or after 2400 ms in case of no response. The participants were also
instructed to avoid responding when the tone did not change, which occurred in ten percent
of the trials. These ‘catch’ trials were introduced to ensure that participants paid attention

to the sounds.

2100ms or until response

Feedback: 1500ms

(B)

2400ms or until response

Feedback: 1500ms

Fig. 1. (A) Example of an experimental trial in the Auditory Pitch Categorization Test. The sound played
could be four different frequency sweeps; two ascending and two descending (10% of trials the sound did not
change). Participants could receive three different feedbacks after the response: positive (correct response),
negative (incorrect response) or warning signal (omission or no response). (B) Example of an experimental
trial in the Visuospatial Categorization Test. The circle appeared above or below the fixation point, and could
move up or down (10% of trials the circle did not move). Participants could receive three different feedbacks
after the response: positive (correct response), negative (incorrect response) or warning signal (omission or

Nno response).

2.3.2. Visuospatial categorization test
The test was divided in two blocks, each one including 77 trials, and also included a one-

minute pause between the blocks. The participants had to judge whether a circle (1.5 cm

of diameter and located 3 cm above or below of the fixation point) was moving towards a
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cartoon image of a turtle (located at the top of the screen; 6 cm above a centrally-presented
fixation point), or a cartoon image of a pig (located at the bottom of the screen; 6 cm below
the fixation point). Each trial started with the appearance of a fixation white cross (2 cm x
2 cm) in the middle of the screen, on a black background. The circle always appeared
slightly above or below the fixation point, and moved up or down in the vertical axis until
the participant’s response or up to 2400 ms in case of no response. As in the previous test,
participants were instructed to press the “a” or “1” keys using the index finger of their left
and right hand, respectively. Each of these two keys was associated to one of the cartoons
and this association was counterbalanced across participants. In order to ensure that the
participants were attending to the visual stimuli, they were encouraged to avoid responding
in catch trials where the circle did not move, which represented the 10% of the total amount

of trials. As in the previous test, visual feedback was provided for 1500 ms after each

participant’s response or after 2400 ms if no response was registered (see Fig. 1B).

2.3.3. Speeded stimulus detection test

In 60 different trials, participants had to detect a yellow circle (diameter: 3 cm) and press
the keyboard’s space bar as quickly as possible with their dominant hand. Each trial started
with the appearance of a fixation white cross (2 cm x 2 cm) in the middle of the screen, on
a black background. The white cross remained on the screen for a period randomly chosen
from the following time intervals: 600, 800, 1000, 1200, 1400 or 1600 milliseconds. After
this period, a yellow circle (diameter: 3 cm) was presented on the centre of the computer

screen until the participant’s response or for 3000 ms, in case of no response.

2.3.4. Colour categorization test

The participant had to judge the colour of a circle (diameter: 3 cm) as fast and accurately
as possible in 60 different trials. The procedure was identical to the previous test with the
following exceptions: the colour of the circle could be either blue or yellow, and the task

consisted on pressing the “a” or “1” keys as quickly as possible using the index finger of

their left and right hand, respectively, to indicate the colour of the ball (i.e., blue or
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yellow). The association between the response keys and the colours was counterbalanced

across participants.

3. Results

Considering the small size of the sample of participants, a non-parametric statistical
approach was adopted to analyse the data obtained in all of the four tests included in the
study. It is worth highlighting that using cognitive computer-based methods allows us to
obtain reliable (and generalizable) data even in small sample sizes such as the one included
in the current study. This is so because of (1) the capability of computerized tasks to deliver
highly-accurate measures (e.g., at the level of milliseconds) of cognitive functions, and (2)
the fact that the measures that are obtained in these kind of tasks are based on sensory-
driven speeded judgments, rather than based on other perhaps more subjective decisions.
Another key factor that increases statistical power, both in the present and in many
previous studies, is the fact that the participants’ measures are also obtained from an

average of many different data points (e.g., 154 trials, in one particular test).

3.1.  Auditory pitch categorization test

The NLD and the control group were compared in terms of RTs from trials with a correct
response, omission errors (i.e., not responding), categorization errors (i.e., choosing the
wrong cartoon character), and false alarms in catch trials (i.e., pressing a key instead of
inhibiting response for tones without pitch change). A non-parametric Mann—Whitney U
test conducted with RT data revealed slower responses in the NLD group than in the
control group (U = —3.151, p = 0.001; see Fig. 2A). The NLD group also showed a
significantly lower percentage of correct responses than the control group (U = 3.002, p =
0.001). Further analyses on error responses revealed poorer performance in the NLD group
compared to the control group in all of the 3 types of error (categorization: U = 0.268 p =
0.021; false alarms: U = —2.409, p = 0.015; and omissions: U = —3.424, p < 0.001) (Table

1.
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Auditory pitch categorization test (A)
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Visuospatial categorization test (B)
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Fig. 2. Average of Reaction Times (in milliseconds) in the two tests used in the study to measure
visuospatial and pitch processing. (A) Average of RTs in the Visuospatial Categorization Test in
NLD Patients and in the Control group. (B) Average of RTs in the Auditory Pitch Categorization
Test in NLD Patients and in the Control group. Error bars show standard errors. Asterisks show
significant differences between groups.

Table 1. Percentage of errors and standard deviations of the NLD and the Control group in the

four computerized tests.
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diegorizanon MISSIon dlse alarnms
Categorizai Omissi False al
errors BITOrS (catch trials)*
17 5% 12.34% 56.20%
Auditory pitch NLD Group (SD=11.28%)  (SD=6.56%) (SD= 34.72%)
categorization test 5.78% 0.78% 10.94%
Control Group oy ” 4 300)  (SD=0.65%)  (SD= 12.39%)
3.68% 0.37% 3.46%
Visuospatial NLD Group (SD=3.11%)  (SD=0.68%)  (SD=5.32%)
categorization test 5.20% 0.45% 10.56%
Control Group o4 5995)  (SD=0.37%)  (SD=7.73%)
8.33%
Speeded stimulus LD Group (SD = 2.95%)
detection test Control Group [SDZT?T%}
13.95% 5.63%
Colour NLD Group (SD=519%)  (SD = 2.66%)
categorization test 13.96% 7.29%
Control Group (SD = 5.84%) (SD = 3.56%)

* The percentage of false alarms was calculated based on cafch trials where participants had to
avoid responding (10% of the fofal amount of total trials).

3.2. Visuospatial categorization test

The NLD and the control group were compared in terms of RTs from trials with a correct
response, omission errors, categorization errors (i.e., choosing the wrong direction) and
false alarms in catch trials (where participants had to avoid responding). A non-parametric
U Mann-Whitney analysis revealed that NLD group’s responses at judging the circle
movement direction of the circle were significantly slower than the control group (U =
—2.100, p = 0.038; see Fig. 2B). No significant differences were found between the two
groups in terms of correct responses percentage (U = —0.686, p = 0.505), the percentage of
categorization or omission errors (categorization: U = —0.527, p = 0.645; and omissions:
U = —0.817, p = 0.051). The control group showed a significantly higher percentage of
false alarms in catch trials than the group of adolescents with NLD (U = -2.014, p = 0.05)
(see Table 1).

3.3. Speeded stimulus detection test
Reaction times, obtained from trials with a correct response, and omission errors (i.e., not

responding after the appearance of the visual target) were used to compare the performance

in the two groups (NLD and control participants). A non-parametric Mann-Whitney U
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test revealed equivalent RTs in both groups (U = 9.522, p = 1) (see Fig. 3A). No significant
differences were observed in terms of omission errors between groups (U = —0.214, p =

0.878; see Table 1).

3.4. Colour categorization test

The NLD and the control group were compared in terms of RTs in trial with a correct
response, omission errors and categorization errors (i.e., choosing the wrong colour). A
non-parametric Mann-Whitney U showed no difference in RTs between the two groups
(U =-0.105, p = 0.959) (see Fig. 3B). No difference was found between the two groups in
terms of omission or categorization errors (U = —0.691, p = 0.505; U = 0.643, p = 0.574;
respectively) (see Table 1).

3.5. Correlation between visuospatial and pitch categorization

The non-parametric Spearman’s correlation test was used to evaluate the possible
relationship between the participants’ performance in the principal measures of the present
study, mainly the ones obtained in the visuospatial categorization test and the auditory
pitch categorization test; including RTs and errors (i.e., omissions, false alarms and
categorization errors). Considering data from the whole sample (NLD patients and the
Control group), a significant correlation was found between the RTs in these two tests (R
=0.679, p = 0.004). Participants that were slower at categorizing pitch were also slower at
categorizing the direction of a movement. However, no correlation was found between the
two tests in any type of error (omission: R = —0.117, p = 0.667; false alarms: R = —0.082,
p = 0.762 and categorization error: R = 0.006, p = 0.983).
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Speeded stimulus detection test (A)
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Fig. 3. Average of Reaction Times (in milliseconds) in the two control tests used in the study to assess
participants’ speed at responding to external stimulation: (A) Average of RTs in the Speeded Detection Test
in the group of adolescents with NLD and in the Control group. (B) Average of RTs in the Colour
Categorization Test in the NLD Patients and in the Control group. Error bars show standard errors. Asterisks

show significant differences between groups.

4. Discussion

Taken together, our results indicate that both the NLD and the control group performed
equivalently in a simple stimulus detection test and a colour categorization test. This
pattern of results suggests that the participants with NLD did not show general slowness
or poorer processing (i.e., leading to an increase of errors) when responding to external

stimulation. Importantly, the participants included in this group were able to categorize
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stimuli according to a non-spatial dimension (i.e., colour). In contrast, the results of the
visuospatial test confirmed our hypotheses: The NLD participants were slower at
responding to the direction of a visual object’s movement. Crucially, the results obtained
in the pitch categorization test indicate that the participants with NLD also had a poorer
performance (observed both in RTs and in the percentage of number of errors) at judging
the direction of a dynamic change in auditory pitch (ascending vs. descending). Finally, a
positive correlation was found, in the participants’ RTs, between the results obtained in the

visuospatial categorization and the auditory pitch categorization test.

Despite the fact that the computerized tasks provided us with statistically reliable data, a
limitation of the present study is the small sample tested. We tried to compensate this
restriction with (1) a strict match between the two groups (in terms of age, gender,
handedness and musical knowledge), (2) the use of non-parametric analyses, and, perhaps
more importantly, (3) the use of highly-accurate computerized measures of cognitive
functions based on many data points. Another possible limitation of the study is the
difficulty of obtaining a differential diagnosis of NLD. Although the participants in the
current study were carefully selected among a larger sample of NLD patients (that included
children with comorbidities) and did not meet the criteria for specific learning disorder
with impairment in reading and/or with impairment in written expression (see Diagnostic
and statistical manual of mental disorders, 5th ed., DSM-5), we cannot rule out, in absence
of a closer examination of language skills, that they did not show any linguistic difficulty
that remained undetected during their clinical assessment at our centre. Further testing,
perhaps including a larger sample of participants with NLD, will be needed to elucidate
whether the subtle deficits at judging pitch observed in the present study correlate with
specific linguistic abilities involving the adequate processing of variations in sound

frequency (e.g., prosody and intonation; see Rourke, 1995).

Children and adolescents with specific language impairment (SLI) often show difficulties
in other cognitive areas such as visuomotor abilities (Hill, 2001), social skills (Beitchman
et al., 1996) and/or mathematics (Mainela-Arnold, Alibali, Ryan, & Evans, 2011).
Previous studies have even associated SLI with an abnormal development of brain
structures underlying the procedural memory system (affecting learning, motor and other
cognitive skills; see Ullman & Pierpont, 2005). Despite of the relative overlap between SLI

and NLD in terms of specific symptoms such as motor and abstract reasoning skills, it is
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worth highlighting that the NLD patients that participated in the present study did not
show any obvious difficulty in language (as observed both at school and during the
psychological and psychiatric assessment conducted at our centre) and had normal verbal

intelligence (see Fine, Semrud-Clikeman, Bledsoe, & Musielak, 2013).

To our knowledge, there is no previous evidence suggesting the presence of basic auditory
deficits at the level pitch categorization in NDL. In our opinion, although the children with
NLD can present short-term memory impairments when they need to bind information
from different categories (e.g. shape and colour), these difficulties seem to appear in more
complex tasks including a large number of combinations. In a study conducted by Garcia,
Mammarella, Pancera, Galera, and Cornoldi (2015), children with NLD showed poorer
performance than a control group in memory for shape-colour bindings, the task had a
total of 72 combinations (8 shapes and 9 colours). In stark contrast with this previous work,
our much easier auditory categorization task had only two possible combinations (e.g. each
of two cartoon characters combined with two possible sounds), imposing much less short-

term memory demands to the participants.

Non-verbal learning disorder has mainly been characterized, among other aspects, by the
presence of difficulties in spatial and abstract tasks (Crollen et al., 2015; Fine, 2012;
Rourke, 1995). Our results support and complement this previous evidence by revealing
the presence of anomalies in spatial-driven judgments regarding the direction of a visual
object’s movement. Our results also extend previous evidence reflecting perceptual and
cognitive anomalies in NLD to the much less studied case of auditory perception, where
difficulties in judging pitch have been found. Due to their difficulties to decode speech
prosody (see Rourke, 1989), NLD patients are less able to produce and understand
language intonation, thus having difficulties to grasp the difference between statements,
commands, questions, etc. (see Rourke, 1995). An adequate processing of pitch variations
in speech is essential to understand the others’ messages (see Patel et al., 1998). At a
speculative level, the difficulties in understanding speech prosody previously reported in
the literature may easily be attributed to a deficit at the level of pitch representation.
Regarding the possible neural basis of perceptual anomalies reported in the present study,
several studies conducted in adults revealed the principal involvement of the right
hemisphere in the processing of speech prosody (i.e., processing the pitch and loudness

contour in speech signals) (see Gandour et al., 2004; Tong et al., 2005). This is particularly
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true for posterior (parietal) regions of this hemisphere (see Perrone-Bertolotti et al., 2013).
Therefore, our study, together with previous evidence suggesting the presence of structural
anomalies in the right hemisphere in children with NLD (Rourke, 1988) and the
involvement of this hemisphere in the processing of speech prosody (see; Shapiro and
Danly; 1985; Homae et al., 2006; Arimitsu et al., 2011) may perhaps indicate that deficits
found in the perception of prosody may be the consequence of a more basic deficit in
perceiving pitch. Previous neuroimaging studies conducted in healthy adults suggest that
detection of subtle pitch variations embedded in a melody significantly activates the
intraparietal sulcus (IPS) (Foster & Zatorre, 2010a, 2010b), an area considered to be
involved in spatial-based tasks. If some specific pitch-based tasks are linked with spatial
processing (see Foster & Zatorre, 2010a, 2010b), it seems plausible that a structural and/or
functional impairment of these brain areas of the right hemisphere (as it is reported in NLD

patients; see Rourke, 1988) may affect both, pitch and visuospatial processing.

According to Rourke (1988) and his “white matter” account of NLD, this pathology could
be the result of white matter abnormalities in the right hemisphere. However, further
research is needed, perhaps using functional magnetic resonance (fMRI), to relate the
auditory and visuospatial deficits found in the present study to possible dysfunctional areas
of the brain. The visuospatial and the pitch categorization tasks were, in the current study,
designed to avoid the use of language with spatial connotations. Labels such as “arriba”
(up), “abajo” (down), “alto” (high), or “bajo” (low) were avoided both in the instructions
given to participants and during the test sessions. Participants were instructed to respond
to a cartoon associated to the response (e.g., the ascending sound was produced by the
monster A and descending sound by the monster B). Furthermore, participants of the
current study were Spanish and Catalan speakers, and neither of these two languages use
spatial terms in their most frequent words to describe pitch (“agudo”, in Spanish, and
“agut”, in Catalan, for high-pitched sounds and “grave”, in Spanish, and “greu”, in
Catalan, for low-pitched sounds). So far, the possible role of language labelling in the
experimental demonstrations of crossmodal correspondences between space and pitch has
been controversial (see Spence, 2011; for a review), especially when taking into account
the strong evidence suggesting that these correspondences occur even in prelinguistic
infants (Dolscheid, Hunnius, Casasanto, & Majid, 2014; Walker et al., 2010).
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In summary, our results show, in line with previous studies, that children with NLD
present difficulties in a visuospatial task. This is, according to previous literature, the core
of the cognitive deficits that characterize this neurological disorder. In addition, and more
importantly, our study also revealed a slower and poorer performance in a pitch-based
auditory task in these patients. This difficulty in categorizing an auditory change in
frequency could be associated with structural anomalies previously observed in NLD.
More research is needed to clarify this possible association. The deficit in pitch processing
could perhaps underlie other difficulties in other cognitive areas (e.g., understanding and
producing speech prosody in face-to-face interaction) already found in patients with NLD.
Therefore, our results could open new paths in the diagnosis and treatment of this cognitive

disability.
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6. DISCUSION

A través de los diferentes estudios expuestos en la presente disertacion podemos
confirmar que existe una asociacion transmodal robusta entre determinados atributos
perceptivos visuoespaciales (por ejemplo, el tamafio o la elevacion en el espacio) y la
altura tonal. Dichas asociaciones parecen desarrollarse a lo largo de la vida, aunque,
como pudimos observar en el estudio 2, ya se manifiestan en edades muy tempranas
y parecen consistentes en adolescentes (grupo control, Estudio 3) y adultos (Estudio
1), ademas de verse afectadas en caso de alteracion funcional (y/o estructural) de
areas cerebrales tradicionalmente asociadas al procesamiento de dimensiones

visuoespaciales (Estudio 3).

Los resultados obtenidos estan en linea con estudios recientes sobre los mecanismos
cerebrales implicados en el procesamiento de la altura tonal (Foster y Zatorre, 2010a,
2010b). La confirmacién de que la altura tonal es procesada no so6lo a nivel auditivo,
sino también a nivel espacial, representaria una clara evidencia de la existencia de

asociaciones transmodales.

Nuestros datos sugieren que existiria un primer analisis temprano a nivel auditivo de
la altura tonal, para posteriormente emerger cierta representacion visuoespacial de
este estimulo auditivo, es decir, el sonido se situaria en un sistema de coordenadas
mental (Walsh, 2003), pudiendo asignar a dicho sonido otras cualidades
visuoespaciales, como por ejemplo el tamafio o la angulosidad. Siguiendo trabajos
previos tanto tedricos (Walsh, 2003) como experimentales (Foster y cols., 2010a), la
presentacidon de un tono no solo activaria determinadas dreas de la corteza auditiva,
sino que también activaria areas parietales especificas asociadas a localizacion
espacial o al andlisis del tamafio (por ejemplo, el surco intraparietal, IPS). Los
hallazgos descritos en la presente tesis doctoral sugieren que el procesamiento
temprano de estimulos auditivos vendria acompafiado de un procesamiento
posterior, mas "supramodal" si se quiere, que implicaria la activacién de

representaciones compartidas con el sistema visuoespacial.
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A continuacion, se procederd a discutir los resultados derivados de cada uno de los

tres estudios que forman la presente disertacion doctoral.

6.1 Modulacion de la atencion a través de asociaciones

transmodales en adultos

La asociacidén transmodal entre la altura tonal y la localizacién espacial es un
fendmeno que ha sido demostrado en diversos estudios (Spence, 2011). En cambio,
el papel que dicha asociacion puede jugar en la modulacion de la atencion espacial
todavia no esta claro (Chiou y Rich, 2012; Mossbridge, Grabowecky, y Suzuki,
2011).

Los resultados del Estudio 1 clarifican la influencia de la posible representacion
espacial asociada a la altura tonal. ;En qué medida la presentacion de un estimulo

auditivo especifico puede modular la deteccidén de estimulos visuales en el espacio?

En linea con los resultados reportados por Chiou y Rich (2012), observamos un
efecto significativo general de sefnalizacidon espacial transmodal, es decir, las senales
auditivas congruentes con los targets visuales (por ejemplo, la presentacién de un
sonido ascendente y la posterior aparicidon de un asterisco en uno de los recuadros
superiores) producian respuestas de deteccidon mas rapidas. Sin embargo, nuestros
datos mostraron diferencias significativas entre los efectos producidos por sonidos
ascendentes y descendentes en la capacidad de modular la deteccion de un estimulo
visual en el espacio. De acuerdo con nuestra hipotesis, inicamente los sonidos
ascendentes produjeron un efecto transmodal, es decir, los participantes fueron
significativamente mas rapidos detectando el asterisco en los recuadros superiores
que en los inferiores cuando su aparicion era precedida por un sonido ascendente.
En cambio, los sonidos descendentes no produjeron efectos en la velocidad de
deteccion del estimulo visual en los recuadros inferiores comparado con los

recuadros superiores.
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Este resultado resulta novedoso, ya que la gran mayoria de estudios transmodales
entre el sonido y la elevacion espacial no informan de posibles diferencias de efecto

espacial entre los sonidos graves y los sonidos agudos.

Varios estudios han mostrado que los sonidos agudos generan una mayor respuesta
fisioldgica comparada con los sonidos graves (Nddtdnen, 1990; Nddtdnen, Gaillard,
y Mantysalo, 1978; Ruusurvirta y Astikainen, 2012). Ademas, parece existir cierta
preferencia del sistema perceptivo por los sonidos més agudos. En la infancia, el
procesamiento de sonidos agudos en el sistema auditivo se desarrolla previamente al
procesamiento de sonidos mas graves (Olsho, 1984; Olsho, Koch, y Halpin, 1987;
Trehub, Schneider, y Endman, 1980). A nivel atencional, las frecuencias altas
incrementan el nivel de alerta (Tomatis, 1978). A nivel psicofisioldgico, generan
mayor sefial electroencefalografica, es decir, mayor actividad bioeléctrica cerebral; lo
cual podria implicar un aumento del arousal que conllevase, a su vez, a mayores
efectos transmodales (Nddtinen, 1990; Naidtdnen, y cols., 1978; Ruusuvirta y
Astikainen, 2012).

Los estudios llevados a cabo en la década de los 70 por Deutsch y colaboradores
(Deutsch, 1976, 1978; Deutsch y Roll, 1976) ya mostraron que existe cierto nivel de
sesgo perceptivo en el procesamiento de frecuencias altas con respecto a frecuencias
mas bajas cuando éstas son presentadas conjuntamente. Es decir, el sistema auditivo
ante la competencia de dos sonidos (por ejemplo, 400Hz y 800Hz) tiende a percibir

preferentemente la fuente del estimulo donde se ha emitido el sonido agudo.

En nuestro Estudio 1, no se observaron efectos transmodales entre el sonido y la
deteccidn de estimulos visuales en el eje horizontal. Estos resultados van en la linea
de estudios previos que sugieren que este tipo de asociacion suele mostrase solo en
musicos expertos (Rusconi y cols., 2006, Lidji y cols., 2007). Los estudios realizados
con participantes sin formacidén musical no observaron efectos transmodales en el eje
horizontal (Chiou y Rich, 2012), indicando que la asociacion entre la altura tonal y
la posicion espacial en el eje horizontal parece ser debida a un extenso entrenamiento
musical. Por lo tanto, otra posible conclusion indirecta de este resultado seria que el
posible re-mapeo entre la altura tonal y la localizacidén horizontal es menos robusto

que en el eje vertical. Sin embargo, los resultados obtenidos por Lidji y colaboradores
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(2007) mostraron que los efectos transmodales surgidos en el eje horizontal no son
debidos a la experiencia motora, puesto que los pianistas no mostraron mayores
efectos que otros instrumentistas musicales. Una posible explicacion, al margen de
la experiencia motora, estaria basada en la teoria de magnitud (ATOM, Walsh,
2003). La teoria de Walsh afirma que, puesto que las cantidades contables e
incontables formarian parte de un sistema de magnitudes procesado por mecanismos
cerebrales comunes, los fendmenos como SNARC (Dehaene, Bossini, y Giraux,
1993) y SMARC (Rusconi y cols., 2006) podrian deberse a que los numeros y la
altura tonal compartirian un sistema comun de representacién mental con la
ubicacion espacial horizontal (por ejemplo, situar los nimero mayores y los tonos
mas agudos a la derecha del eje horizontal). Por tanto, teniendo en cuenta que los
musicos tienen mas experiencia categorizando magnitudes especificas como la altura
tonal, ello derivaria en una estructura perceptiva que les permitiese categorizar con
mayor facilidad otros grados de magnitud, como por ejemplo, la ubicacion espacial
en el eje horizontal (Cho, Bae, y Proctor, 2012; Walsh, 2003).

Por ultimo, los efectos de sefializacion espacial que encontramos en nuestro estudio
parecen no ser especificos para una posicion en particular (por ejemplo, un tono
ascendente y el estimulo visual arriba a la derecha), sino que este efecto parece
producirse de manera general e inespecifica, abarcando un drea relativamente amplia
del campo visual (por encima del punto de fijacion). Los resultados del estudio de
Mossbridge, Grabowecky, y Suzuki (2011) revelaron que los sonidos ascendentes y
descendentes solo modulaban la atencidn espacial si el target visual aparecia encima
o debajo del punto de fijacion. En cambio, si éste se situaba en una posicion diagonal
respecto al punto de fijacion (por ejemplo, arriba-derecha) este efecto desaparecia.
Tanto el Estudio 1 del presente trabajo, como el estudio llevado a cabo por
Mossbridge y colaboradores (2011), sugeririan que la representacion espacial de la

altura tonal de produce de una manera “global” y no “local” o “especifica”.
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6.2 Asociaciones transmodales en bebés prelingiiisticos

Una cuestion muy importante en el estudio de asociaciones transmodales es si éstas
son derivadas de la experiencia con el medio o si, por lo contrario, son innatas. Varios
estudios realizados con bebés prelingliisticos muestran resultados contradictorios.
Por una parte, los estudios realizados por Walker y colaboradores (2010), y, mas
tarde, por Dolscheid y colaboradores (2014), sugieren una presencia muy temprana
de asociaciones audiovisuales transmodales (en bebés de 3 meses de edad). Sin
embargo, Lewkowicz y Minar (2014) no pudieron replicar los resultados del estudio
de Walker y colaboradores (2010), siendo incapaces de encontrar evidencia de
correspondencias transmodales entre la altura tonal y la elevacidn espacial (asi como
tampoco entre el sonido y la forma visual). Walker y colaboradores (2014)
justificaron el fallo en la réplica debido a que en su estudio se utiliz6 variaciones en
la intensidad del sonido con el objetivo de que este fuera acorde con el movimiento
de la bola que se desplazaba gradualmente arriba y abajo, es decir, cuando el objeto
visual se acercaba a los extremos de la pantalla la frecuencia del sonido que lo
acompafiaba tenia una intensidad menor. En cambio, Lewkowicz y Minar (2014)
aumentaban la intensidad del sonido a medida que el sonido iba aumentando en
frecuencia - hasta que la frecuencia alcanzaba los 1000Hz. Esto podria haber creado
una disociacidon entre el movimiento del objeto visual y el sonido, anulando una
posible asociacion transmodal (ver Figura 13). En el Estudio 2 de la presente
disertacion, la intensidad de los sonidos utilizados no fue modificada en lo mas
minimo (es decir, los sonidos se mantenian al mismo volumen durante todo el
ensayo). Ademads, nuestro objeto visual no representaba movimiento en el eje
vertical, sino variacion de tamano, asi que la modulacién de la intensidad no estaba

justificada.
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Figura 13. Variacion de intensidad y la frecuencia auditiva en ensayos congruentes. (a) Patron de
variacion del sonido del estudio de Walker y colaboradores (2010), a la izquierda el cambio de
intensidad, a la derecha a la ascension de la frecuencia auditiva. (b) Patron de variacion del sonido de
la réplica de Lewkowicz y Minar 2014, a la izquierda el cambio de intensidad, a la derecha a la

ascension de la frecuencia auditiva (Lewkowicz y Minar, 2014).

En el Estudio 2, se investigo la posible asociacion entre la frecuencia del sonido y el
tamafio visual de los objetos en bebés de 4 y de 6 meses de edad. Para ello,
empleamos los mismos estimulos auditivos (sonido ascendente: 300 a 1700 Hz; y
sonido descendente: de 1700Hz a 300Hz) que los tres anteriores estudios
mencionados. Sin embargo, nuestro estudio versaba sobre la posible relacion
asociativa entre altura tonal y el tamafio visual, debido a que probablemente esta
asociacion presenta una regularidad y robustez mayor en el medio natural que la
asociacion entre la altura tonal y la elevacidon espacial. La asociacidén entre altura
tonal y tamafio, puede derivar directamente de la constatacion fisica de que en el
medio las frecuencias mas bajas tienen mayor longitud de onda y requieren de objetos
con una gran superficie vibratoria, es decir, mayor tamafio, para producir ondas mas
largas. Sin embargo, la asociacion entre altura tonal y altura visuoespacial,
presentaria un menor nivel de regularidad estadistica en el medio, si bien es cierto,
que los sonidos que se propagan cerca del suelo tienden a que su espectro de alta
frecuencia sea absorbido por diversos objetos (generalmente existen mayor numero
de objetos a nivel del suelo que en zonas superiores), ello implica que si el observador

no esta situado lo cerca del suelo esta ley fisica no es aplicable.
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Los resultados obtenidos mostraron que solo los bebés de 6 meses de edad
presentaban preferencia por mirar a estimulos audiovisualmente congruentes (por
ejemplo, sonido ascendente con un objeto visual que disminuye de tamafo) en
comparacion con estimulos audiovisualmente incongruentes. Estos resultados no se
observaron en bebés de 4 meses, ya que éstos no mostraron diferencias de tiempo de
mirada entre las dos condiciones. Nuestros datos sugieren, por tanto, que es necesaria
una minima exposicion a las regularidades del medio y/o cierto grado de
maduraciéon de los mecanismos cerebrales que sustentan la consolidacién de

determinadas asociaciones transmodales entre la altura tonal y el tamafio visual.

Pena, Mehler, y Nespor (2011) mostraron que los bebés prelingiiisticos son capaces
de asociar sonidos del habla (silabas en este caso) con distintos tamafos de objetos.
Observaron que los bebés miraban durante mas tiempo a los estimulos congruentes,
es decir, a un objeto visual pequefio que aparecia conjuntamente con el sonido de
una silaba que contenia una frecuencia mas alta (silaba formada con las vocales /1/
o /e/) o a un objeto visual grande que aparecia conjuntamente con una silaba que
contenia una frecuencia mas baja (silaba formada con las vocales /a/ o /0/). Los
resultados del Estudio 2 demuestran que la asociacidén entre sonido y tamafo
también estd presente en sonidos que no pertenecen al habla. En este caso, no
existiria una relacion tan directa entre los atributos perceptivos estudiados, basada en
la posible experiencia previa de los bebés como en el caso del estudio anterior: la
observacion o exposicion del tamafio de la abertura de la boca de las personas del
entorno mas cercano del bebé, durante la pronunciacion de distintas vocales.

La importancia del Estudio 2 radica en la edad de los participantes y su condicion de
bebés prelingiiisticos. Si bien, en el estudio de Mondloch y Maurer (2004) se hallaron
resultados similares a nuestro estudio en nifios de 2,5 a 3 anos de edad, es importante
mencionar que estos nilos mucho mads mayores ya cuentan con una amplia
experiencia lingliistica y conocimiento de etiquetas léxicas espaciales. En relacién al
papel del lenguaje en las asociaciones transmodales, Melara y Marks (1990)
mostraron que existen efectos transmodales, en adultos, entre la altura tonal y
etiquetas 1éxicas espaciales. En su estudio los participantes debian discriminar las
palabras “high" (alto) y "low" (bajo) que se presentaban escritas junto a un tono

agudo o grave. Los datos mostraron que los participantes eran mas rapidos
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respondiendo a la palabra “high” cuando se presentaba con un tono agudo y la
palabra “low” cuando se presentaba con un tono grave. Estos resultados sugieren que

el lenguaje interfiere en las correspondencias transmodales audiovisuales.

De acuerdo con otros estudios sobre asociaciones transmodales en bebés
prelingiiisticos (Dolscheid y cols., 2014; Walker y cols., 2010), nuestros datos
implican que el papel del lenguaje no parece ser esencial para los mismos, aunque la
influencia de la adquisicion de etiquetas léxicas espaciales del lenguaje podria
fortalecer y/o modificar dichas asociaciones (Marks, 1999; Melara y Marks, 1990).
La utilizacion de etiquetas léxicas, podria influir en las correspondencias
transmodales, y en consecuencia, los mismos conceptos semanticos serian activados

para la dimension auditiva y visuoespacial.

Diversos estudios han sugerido que la experiencia lingiiistica modula varios aspectos
de la cognicion y la percepcion (Lupyan, 2012). Una cuestion interesante sigue
siendo la posibilidad de que el vinculo entre determinadas dimensiones espaciales
(arriba/abajo, por ejemplo) y auditivas (como la altura tonal o la intensidad del
sonido) podria estar influenciada por la activaciéon de metaforas lingiisticas
comunes, una vez que éstas ya se han adquirido (Casasanto, 2014). De hecho, la
mayoria de las culturas representan simboélicamente la altura tonal verticalmente (por
ejemplo, en la notacion musical). Esta representacién metaforica se observa también
en un vocabulario comun para ambas dimensiones. Por ejemplo, los términos "high"
y "low" en inglés se refieren tanto a conceptos auditivos como espaciales. Sin
embargo, las lenguas romances tienden a utilizar en menor medida términos
espaciales para definir la altura tonal (por ejemplo, agudo y grave en espanol). Ello
podria implicar que las lenguas que comparten términos léxicos espaciales y
auditivos quiza fortalecerian, a diferencia de las lenguas que compartiesen léxico en
menor medida, los vinculos asociativos entre la altura tonal y la elevacion espacial

(Fernandez-Prieto, Spence, Pons, y Navarra, 2016).

Para una consolidacion efectiva de las correspondencias transmodales debemos tener
en cuenta el papel de la exposicion al medio durante el desarrollo de los sistemas
perceptivos. Si bien dichas correspondencias sugieren asociaciones entre diversas

informaciones perceptuales aparentemente arbitrarias, en realidad existe una
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constante exposicion a regularidades estadisticas en el medio ambiente que pueden
fortalecer asociaciones audiovisuales especificas. Por ejemplo, debido a la propia
fisica acustica, los objetos mas pequefios y mas grandes tenderdn a producir sonidos
mas agudos y mas graves, respectivamente. En lo que respecta a la asociacion entre
altura tonal y elevacion (o localizacion espacial), Parise, Knorre, y Ernst (2014)
demostraron recientemente que los sonidos mas agudos se originan generalmente a
partir de fuentes posicionadas mas altas, y los sonidos mas graves desde posiciones
mas bajas en el espacio. Puesto que estas correlaciones estadisticas se derivan de la
experiencia en el entorno fisico real, el lenguaje no seria requisitito indispensable para
el desarrollo de asociaciones transmodales aunque podria modular dichas
asociaciones (Lakoff y Johnson, 1980). Los bebés y los nifios viven en un ambiente
multisensorial basado en experiencias diarias que, combinadas con la plasticidad
cerebral del sistema nervioso, puede promover la adquisicion de diversas

asociaciones de este tipo.

6.3 Procesamiento auditivo en pacientes con alteraciones

visuoespaciales

Tanto el Estudio 1 como el Estudio 2 del presente trabajo mostraron que existen
asociaciones transmodales entre determinados sonidos y determinadas
caracteristicas visuoespactiales, tanto en adultos como en bebés. En nuestro tercer
estudio, nos planteamos si estas asociaciones podrian verse afectadas en personas
con alteraciones relacionadas con el procesamiento  visuoespacial.
Desafortunadamente para el propoésito del estudio, las lesiones aisladas en areas
parietales son poco comunes e imposibilitaron la obtencién de muestra. La amplia
mayoria de casos en los que pudimos observar dafo parietal, no se trataba de lesiones
localizadas y afectaban en mayor o menor medida a otros procesos cognitivos y
perceptivos (por ejemplo, dafios causados por un infarto que se extendian a la corteza

auditiva).

Debido a estas limitaciones, decidimos seleccionar para este estudio pacientes con

trastorno del aprendizaje no verbal (TANV). Este trastorno neurologico esta
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relacionado con alteraciones en el hemisferio derecho (HD) vy afecta
significativamente al procesamiento espacial de los estimulos externos y al
rendimiento en areas académicas como las matematicas. Ademas, aunque menos
descritos los pacientes con TANV también presentan problemas en habilidades
sociales, asi como alteraciones de la prosodia. La alteraciéon del HD implica
problemas de decodificacion de la altura tonal, proceso clave en la percepcion y

comprension de la prosodia (Zatorre, 1984).

En el Estudio 3, los participantes con TANV mostraron un procesamiento deficiente
en la ejecucion de una prueba visuoespacial en comparacién con el grupo control.
En dicha prueba, los participantes tenian que juzgar la direccidon del movimiento de
un objeto visual. Las deficiencias en el procesamiento observadas en el grupo de
TANYV probablemente fueron debidas a la afectacion visuoespacial caracteristica de
este desorden neuroldgico. Ademas, el grupo TANV también mostré un peor
desempefio al categorizar la direccién de un cambio dinamico de la altura tonal de
un sonido (ascendente vs. descendente). Finalmente, se encontrd, en el grupo TANV
y el grupo control, una correlacion positiva entre los tiempos de reaccion (TRs) en la
tarea de categorizacion visuoespacial y los TRs en la prueba de categorizacion de la

altura tonal.

Los datos del Estudio 3 sugieren que el procesamiento visuoespacial y el
procesamiento de la altura tonal podrian compartir mecanismos neuronales. Los
estudios de neuroimagen de Foster y Zatorre (2010a, 2010b), en participantes sin
alteraciones neuroldgicas, han mostrado que determinadas areas parietales del HD
especializadas en el procesamiento del espacio (por ejemplo, el surco intraparietal,
IPS) muestran activacidon en tareas de transposicion de tonos musicales. En
consecuencia, las alteraciones funcionales o estructurales en el hemisferio derecho,
por ejemplo, en los pacientes con TANV, podrian conllevar déficits en el

procesamiento de altura tonal.

La presencia de determinados procesamientos auditivos en pacientes con TANYV iria
en linea con la investigacion de Douglas y Bilkey (2007) con participantes amusicos.
La amusia (o sordera tonal) se caracteriza por ser un sindrome neurologico en el cual

se observan importantes déficits en la percepcion tonal. En el estudio de Douglas y
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Bilkey (2007) los participantes amusicos mostraron un pobre desempefio en tareas de
rotaciéon mental (Sarkdamo y cols., 2010; sin embargo, para resultados contradictorios
véase Tillmanny cols., 2010). Las evidencias mostradas en pacientes con alteraciones
neuroldgicas indicarian que dafios especificos en areas tradicionalmente relacionadas
con el procesamiento espacial de los estimulos pueden afectar el rendimiento en
tareas auditivas y viceversa. La representacion de la altura tonal y la visuoespacial
(por ejemplo, la rotacidon mental) podrian estar utilizando, en alguno de los estadios

de su procesamiento, los mismos mecanismos cerebrales y cognitivos.

En el Estudio 3, los pacientes con TANV mostraron una baja velocidad de
discriminacién de la altura tonal, ademas de una elevada tasa de errores juzgando la
altura tonal. Las evidencias de anomalias en la discriminacién auditiva reportadas
en el Estudio 3 podrian sugerir que las alteraciones en el procesamiento de la prosodia
del habla en pacientes con TANYV derivarian de un déficit en la discriminacion de la
altura tonal. Para un correcto procesamiento de la prosodia del habla, la
discriminacién de frecuencias auditivas es esencial (Patel y cols., 1998). Los
resultados obtenidos en el Estudio 3 podrian explicar las dificultades para producir y
procesar la entonacién del lenguaje en estos pacientes. Los problemas de prosodia en
los pacientes con TANV producen déficits en la discriminacion de enunciados, por
ejemplo, diferenciar entre una afirmacion y una pregunta. Rourke (1988) sugirié una
explicacién neurologica de las alteraciones en el procesamiento de la prosodia en
pacientes con TANV. Esta alteracion podria deberse a anomalias estructurales de la
materia blanca en el HD de estos pacientes. El HD, en concreto las regiones
temporoparietales, esta implicado en la percepcién de la prosodia, es decir,
variaciones de altura tonal en el discurso (Arimitsu y cols., 2011; Homae y cols.,

2006)

Otro aspecto a tener en cuenta es que los pacientes con TANYV presentan problemas
de habilidades sociales. Este déficit podria ser debido a una deficiente percepcion y
produccion de la prosodia del habla que conllevaria un déficit en comunicacién
social, afectando directamente las habilidades sociales de estos pacientes (Rourke,
1995).
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7. Conclusions

Our perceptual system tends to associate higher-pitched sounds with upper spatial
positions and smaller visual sizes, and lower pitched-sounds with lower positions and
bigger visual sizes. This processes, known as crossmodal correspondences or

crossmodal associations, emerges consistently and almost universally.

The cognitive, developmental and neural mechanisms underlying these crossmodal
correspondences were investigated in the present doctoral dissertation. In the present
work, I studied how the crossmodal associations between auditory and visuospatial
stimuli modulates cognitive processes in infancy and maturity. In addition, I
investigated the impairments in auditory processing in population with visuospatial

disorders.

The presence of crossmodal associations between pitch and spatial elevation are solid
in adults (see Spence, 2011, for a review), and can be observed in the ability of certain
auditory stimuli to modulate visuospatial attention (e.g., rising sounds facilitate the
detection of a visual stimuli in upper areas in the external space). However, it seems
that higher-pitched sounds or sounds with rising frequencies have higher inherent
spatial properties than lower-pitched or falling frequency sounds. These spatial
properties of the sound could modulate the perceptual system and facilitate the

detection of visual objects in superior positions of the visual field.

We found evidence of the existence of crossmodal correspondences between auditory
and visuospatial dimensions also in prelinguistic infants, at the age of 6 months. We
observed that 4-month-old infants have not developed yet the mechanisms that
facilitate audiovisual associations. This pattern of results suggests that the experience
with the physical world and/or further maturation is needed to fully develop certain

audiovisual crossmodal associations.
Finally, in Study 3, I observed that patients with NLD, that show impairments in

visuospatial skills, show a deficit in pitch-related tasks. These evidences could suggest

that auditory and visuospatial processes share common mechanisms in some stages
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of the perceptual processing, that is, for example, that the impairment in visuospatial

skills could disrupt the auditory processing.

8. Futuras direcciones

A través de los diferentes estudios presentados en esta disertacion hemos podido
observar como el fendbmeno perceptivo de las correspondencias transmodales modula
nuestras respuestas a diferentes estimulos sensoriales. Estos hallazgos podrian tener
un impacto en diversas disciplinas. Desde el punto de vista del estudio del
procesamiento de la integracion entre la altura tonal y determinados atributos
visuoespaciales (por ejemplo, el tamafio visual o la ubicacion espacial), en futuras
investigaciones seria interesante incorporar el uso de otras técnicas, como la
neuroimagen, que podria arrojar luz sobre el desarrollo de los mecanismos neurales
implicados en las correspondencias transmodales y el papel de otros sistemas
cognitivos, por ejemplo, la activacion de determinadas dreas cerebrales asociadas con

el procesamiento visuoespaciales durante tareas relacionadas con la altura tonal.

A nivel del estudio del desarrollo cognitivo de la infancia y la nifiez, seria interesante
evaluar, en futuros estudios, cémo las asociaciones transmodales se van
consolidando debido a la madurez y/o la exposicion al medio, viéndose, a su vez,
moduladas por el desarrollo del lenguaje y/o a la adquisicion de etiquetas léxicas

auditivas y visuoespaciales.

Por ultimo, desde el enfoque clinico, los resultados de esta disertaciéon doctoral
pueden abrir nuevos caminos en el diagndstico y tratamiento de los trastornos que
afectan al procesamiento visuoespacial. Por ejemplo, resulta primordial, segin la
optica desarrollada en el presente trabajo, investigar la posible incorporacién de
pruebas neuropsicologicas que evaltien de una forma detallada la percepcion de la
altura tonal y la comprension de la prosodia en la evaluacién de trastornos
visuoespaciales de base neuroldgica (por ejemplo, en el TANYV o lesiones en el 16bulo

parietal derecho).
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